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LETTER OF TRANSMITTAL. 



March 29, 1922. 
From: The Chief of Ordnance. 
To : The Secretary of War. 

Subject: Comprehensive Report on Nitrogen Fixation and Utiliza- 
tion. 

1. In accordance with your instructions contained in the letter 
on " Policy on Nitrogen Fixation Activities " dated April 30, 1921, 
reference 670 (Miscl.) CHA*MC58, Ordnance file No. 111.3/1441, 
5-2-21, a comprehensive report on the fixation and utilization of 
nitrogen has been prepared in the office of the Nitrate Division and 
is submitted herewith. 

2. This report includes a discussion of the nitrogen situation of 
the world together with pertinent world statistics; a discussion of 
the history, chemistry, and construction and operating costs of the 
various nitrogen fixation processes; and a history and description 
of the United States Government nitrate plants. 

3. It is believed the report will prove of great value to private 
citizens, schools and universities, and to the various Government 
departments, as well as to congressional committees and the indi- 
vidual members of Congress, and will answer the many questions 
eminating from these sources. 

4. The printing of this report, which will make copies available 
for distribution through the office of the Superintendent of Docu- 
ments, is being arranged. 

C. C. Williams, 
Major General^ GMef of Ordnance. 
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CHAPTER I. 

INTRODUCTION. 

A. PURPOSE. 

This report has been prepared in order to correlate and make 
available under one cover such information on the fixation and 
utilization of nitrogen, collected by the Nitrate Division since its 
organization in July, 1917, as may aid in the further development of 
that art in the United States. It is based to a very considerable 
extent on reports, papers, and articles prepared by the officers and 
civilians associated from time to time with the activities of the 
Nitrate Division, as well as on the published technical and economic 
papers of several others. In order that it may be of further help 
to those who desire to make a more detailed study of any of the 
several phases of this subject, a bibliography of many of the papers 
pertaining thereto that have appeared in the last few years has 
been prepared and is included. 

In this report there is first discussed the world's nitrogen supply 
and demand, including a brief discussion of the prices of nitrogen, 
then the development of nitrogen fixation both in this and in foreign 
countries, then a technical and engineering description of the several 
nitrogen fixation and conversion processes, a discussion of research 
in its bearing both on the present and future possibilities of fixation, 
a history of the Government's activities in nitrogen fixation, a de- 
scription of the United States Government's nitrogen fixation plants, 
and the bibliography referred to above. 

B. UTILIZATION OF NITROGEN. 

1. For Military Explosives. 

Almost without exception all military explosives are nitrogen 
compounds. Owing to the slight affinity between nitrogen and the 
other elements with which it enters into combination, many of its 
compounds are unstable and can be decomposed with the almost in- 
stantaneous evolution of heat and gas. 

Black powder, the original military explosive, and practically the 
only one up to some 30 years ago, has as one of its three constituents 

1 
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a nitrogen compound, saltpeter. Since 1890, however, nitration 
processes have been developed until now practically all modern ex- 
plosives are made by treating various bases with nitric acid; for 
instance, smokeless powder from cotton and nitric acid; uitroglyc- 
erin, the basis of dynamite, from glycerin and nitric acid; picric 
acid from carbolic acid and nitric acid; trinitrotoluene — T. N. T. — 
from toluol and nitric acid; fulminate of mercury from mercury 
and nitric acid; and ammonium nitrate from ammonia and nitric 
acid. 

2. For Fertilizer. 

For plant growth, too, nitrogen in a chemically combined form in 
the soil is essential. Originally land was fertilized by placing back 
on it the animal and vegetable refuse of the farm, but this material, 
though of excellent quality, is not usually of sufficient quantity. As 
chemical knowledge has developed, however, study has shown that 
these organic or animal and vegetable materials can be supple- 
mented by inorganic or mineral materials. As a result, practically 
all complete commercial fertilizers now contain, besides some form 
of organic nitrogen, a very considerable quantity of inorganic nitro- 
gen, as well as the phosphoric acid and potash, also necessary for 
plant growth. 

The requirement of nitrogen for fertilizer, though usually consid- 
ered as a peace-time requirement, is even more a war-time require- 
ment, for while the population to be fed is practically the same, avail- 
able labor for the farms is much reduced not only through enrollment 
in the Army but also through employment in munitions and war 
plants. The acreage under cultivation is therefore reduced, necessi- 
tating an increase in yield per acre. This can be accomplished by 
using in addition to all possible labor-saving farm machinery as much 
fertilizer and therefore as much nitrogen as possible. 

3. For Industrial Purposes. 

Nitrogen is also needed in many of the important chemical indus- 
tries of the country. It is as necessary for commercial as for military 
explosives. Commercial explosives, such as dynamite, blasting pow- 
der, and the like, are used not only for practically all mining and 
quarrying operations but to a rapidly increasing extent for road 
building, clearing land, digging ditches, and in other operations as 
a means of saving labor. 

Nitrogen as nitrate is necessary, too, for the comparatively new 
and rapidly developing nitrocellulose product industry which includes 
the manufacture of artificial leather, now almost universally used for 
automobile upholstery; of photographic films; of imitation ivory; 
and of all forms of celluloid. Nitrogen in this form is also needed 



' % ; REPOBT ON FIXATION AND UTILIZATION OF NITROGEN, ' - 8 

for'lhe manufacture of dyes, for the manufacture of sulphuric acid, 
and for the manufacture of a large part of our glass. 

Nitrogen as ammonia is necessary for cold-storage plants and for 
the manufacture of artificial ice ; it is found in nearly every home as 
household ammonia; and it is necessary for the production of sev- 
eral of the staple chemicals, including soda ash, which, next to sul- 
phuric acid, is probably the most important commercial chemical. 
Cyanide is used in extracting gold from its ores and in insecticides. 

C. SOURCES OF NITROGEN. 

1. Organic Nitrogen. 

The organic nitrogen from waste animal and vegetable materials 
is limited in amount and now can supply but a part of the fertilizer 
requirements. Almost no organic nitrogen goes into either military 
or other nonagricultural uses. The organic nitrogen materials 
include the animal and vegetable refuse of the farm, dried blood and 
tankage from the slaughterhouse, cottonseed meal from the oil mills, 
fish scrap, leather scrap, and similar materials. These were originally 
used almost entirely for fertilizers, but as many of them can be 
used to much better advantage as feed, they are being diverted 
more and more to that use, with the result that the present inade- 
quate supply of these materials available for fertilizer is not only 
not keeping pace with the growth in the demand but is actually 
diminishing. 

2. Inorganic Nitrogen. 

The inorganic or mineral nitrogen comes from three sources, each 
of which now normally supplies about equal quantities of the world 
consumption. These, in the order of their development as sources 
of supply, are the natural nitrate beds of India and Chile, the by- 
product coke ovens, and the plants for fixing the nitrogen of the air. 

a, Indian and Chilean nitrate, — ^For several centuries nitrate has 
been extracted from the soil of India and shipped as saltpeter to 
Europe and to this country. However, since their development, 
which began about 1830, the nitrate fields of Chile have been the 
world's chief source of supply of inorganic nitrogen, the produc- 
tion of India being insignificant in comparison. Even in spite of the 
tremendous development of the other two sources of inorganic 
nitrogen in the last few years, Chile still normally supplies about a 
third of the world's inorganic nitrogen requirements and nearly 
half of those of this country. 

&. By-product coke ovens, — The next source of supply to assume 
importance was the by-product coke oven by means of which the 
nitrogen contained in bituminous coal is recovered when the coal is 
coked. The by-product coke oven as an important source of nitro- 
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gen supply is a more recent development than the utilization of the 
nitrate beds of Chile, and, even though to some extent outstripped 
in the last few years by the rapidly increasing number of plants for 
the fixation of atmospheric nitrogen, it now normally supplies about 
a third of the world's inorganic nitrogen requirements and nearly 
half of those of this country. 

c. Nitrogen -fixation 'plants, — ^The other important source of nitro- 
gen supply, the one most recently developed and the one most rapidly 
growing, is the nitrogen fixation plant in which the nitrogen of the 
air is fixed in a usable form by means of one of several chemical and 
electrochemical processes. Although the first commercial nitrogen 
fixation plant started operating only 16 years ago, there are now 
some 40 plants located in 12 different countries, which together nor- 
mally supply about a third of the world's nitrogen requirements. 
The United States has lagged behind in this development. Less 
than 2 per cent of our present normal requirements can be supplied 
from plants operating in this country, and even if the idle Govern- 
ment plant at Muscle Shoals were to be operated it would supply 
only an additional 19 per cent, still leaving us with only a fifth of 
our nitrogen from fixation plants. If to this we add the 7 per cent 
which can be supplied by the Canadian plant of an American com- 
pany, we still lag behind the rest of the world, as all these plants can 
furnish only little more than a quarter of our requirements. 

D. PRICES OF NITROGEN. 

During the last few decades, in which the consumption of nitrogen 
has increased so tremendously, there has been no pronounced price 
trend either up or down. There have been marked variations from 
year to year, but the average price over a period of years has varied 
but little. It is believed that the reason for this has been the sta- 
bilizing effect of the elastic supply of Chilean nitrate, which in the 
past has set and still sets the price for the other sources of inorganic 
nitrogen. 

The cost of nitrogen recovered as a by-product in the coke ovens 
is largely a matter of bookkeeping, and the coke ovens will make and 
sell their nitrogen for whatever it will bring, keeping their price low 
enough to insure a demand for their entire output. For this reason 
a country's requirements will first be supplied from this source. The 
requirements in excess of this supply will, generally speaking, be 
filled by the fixation plants as far as their capacity permits. Any 
deficiency in the supply still remaining will be met by importing 
sufficient Chilean nitrate. There are exceptions, of course, to this 
general rule, as certain uses require particular forms of nitrogen 
best supplied from one particular source, but, broadly speaking, 
Chilean nitrate supplies the last portion of the demand, and for this 
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reason, in accordance with usual economic e^xperience, it fixes the 
price for the other two sources. 

The price of Chilean nitrate tends to stabilize itself over a period 
of years because of the flexibility of output. There has been no 
marked change in the last few decades in the cost of producing 
Chilean nitrate, since increased efficiency of operation has been offset 
by rising labor costs and by the fact that the richer deposits are be- 
coming exhausted. 

E. DEVELOPMENT OF NITROGEN FIXATION. 

It was in 1898 that Sir William Crookes called attention to the 
fact that in a ccwnparatively limited time the nitrate beds of Chile 
must inevitably become exhausted, and that a method must be de- 
veloped for utilizing the vast store of nitrogen which constitutes 
four-fifths of the air, if the world is not to face ultimate starvation 
as a result of a deficiency of nitrogen fertilizers. This statemei.it 
attracted world-wide attention and focused the interest of many on 
this problem. In fact, this date marks the beginning of industrial 
research on nitrogen fixation. It was not until some seven years 
later, however, that the first really commercial nitrogen fixation 
plants began operating. 

1. Processes for Nitrogen Fixation. 

At the present time there are many processes, differing greatly in 
principle, for fixing atmospheric nitrogen, and these processes are 
in various stages of development, ranging from those used in com- 
mercial plants which have been producing for years to those which 
have been tried only on little larger than a laboratory scale. There 
are four processes, however, which have been commercially utilized — 
the arc process, the cyanamide process, the synthetic ammonia 
process, and the cyanide process. 

a. Are process. — The first process to be utilized commercially was 
the arc process, still the simplest and most direct one. 

In this process the nitrogen and the oxygen, both present in the 
air, are combined to form nitric oxide by being heated together to a 
high temperature by means of an electric arc. After quick cooling 
the gases contain a small percentage of nitric oxide, which on further 
cooling combines with additional oxygen of the air to form nitrogen 
dioxide. This nitrogen dioxide is then passed through large towers, 
over which water or weak acid is trickling, and combining with more 
oxygen from the air is absorbed by the water, forming dilute 
nitric acid. 

There are several types of arc furnaces used, but these differ only 
in mechanical and electrical construction, the principle of all being 
very much the same. 

100676'~22 2 
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It will be noted that the only raw materials used in this process 
are air and water. The power requirements, however, are so large, 
about 67,000 kilowatt hours per ton of nitrogen fixed, that this 
process can be used in its present state of development only where 
very cheap water power is available. For this reason this process 
has not been as extensively used as either the cyanamide or direct 
synthetic ammonia process. Its principal development has been in 
Scandinavia, although comparatively small-scale plants have been 
built in other countries. At present less than 10 per cent of tlie 
world^s supply of nitrogen fixed from the air comes from plants 
using the arc process. 

6. Cyanamide process. — The next process, the commercial develop- 
ment of which started almost at the same time as that of the arc 
process, is the cyanamide process. 

In this process burned lime and coke are combined in the intense 
heat of the electric furnace to form calcium carbide. This carbide, 
after cooling, is finely ground, placed in closed ovens in an atmos- 
phere of pure nitrogen, obtained by the fractional distillation of 
liquid air, and heated to a yellow heat. The nitrogen combines with 
the carbide to form calcium cyanamide. The crude calcium 
cyanamide is again finely ground and any carbide remaining de- 
stroyed by treating with water. 

Details, especially of the equipment used in the several steps of 
the cyanamide process, differ considerably in the different plants 
throughout the world, but the essential principles are the same in all. 

This process requires air, water, limestone, coke, and coal as its 
principal raw materials. Its electric power requirements, about 
15,000 kilowatt hours per ton of nitrogen fixed, are so much less than 
those of the arc process that it is not nearly so dependent as that 
process on unusually cheap water power. Further, its intermediate 
product, the crude calcium cyanamide, is used to a considerable ex- 
tent directly as a fertilizer material, even though there are limita- 
tions to its wider use. Two of its possible final products, ammonium 
sulphate and ammonium phosphate, are better fertilizer materials 
than those obtainable from the arc process. 

For these reasons the cyanamide process is the most generally 
used of any of the fixation processes, there being more than 20 plants 
in 10 different countries, including the large Government plant at 
Muscle Shoals, Ala., now idle, and a smaller plant located in Canada 
but owned by an American company. At present under normal con- 
ditions somewhat more than a third of the world's fixed air nitrogen 
comes from plants using the cyanamide process. There is no cyana- 
mide plant now operating in the United States, but practically all 
of the product of the Canadian plant is imported into this country, 
constituting about 7 per cent of our total inorganic nitrogen supply. 
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This process is now in an advanced state of development. 

c. Direct synthetic ammonia process. — For some few years the arc 
and the cyanamide processes had the field to themselves. In 1913, 
however, the direct synthetic ammonia process developed by Doctor 
Haber was utilized on an industrial scale. In this process pure ni- 
trogen and hydrogen, subjected to high pressure and high tempera- 
ture, unite in the presence of a catalyst to form ammonia. 

The nitrogen can be obtained from the fractional distillation of 
liquid air, and the hydrogen from the electrolytic decomposition of 
water. Ordinarily, however, this mixture of the two gases can be 
more cheaply prepared by the Bosch process utilizing a mixture of 
water-gas and producer-gas. 

This process varies very considerably in the different plants in 
which it is used, the differences being principally in the method of 
preparing the nitrogen-hydrogen mixture and in the special catalyst 
and the pressure used for the ammonia synthesis. 

The direct synthetic ammonia process requires air, water, and 
coke, as well as certain chemicals, as its raw materials. Its power 
requirements, provided the Bosch process is used for obtaining the 
nitrogen-hydrogen mixture, are much lower than even those of the 
cyanamide process, being only about 4,000 kilowatt hours per ton 
of nitrogen fixed. The engineering difiiculties in safely handling 
these gases at high temperatures and pressures are very considerable, 
and in its present state of development a much more skilled per- 
sonnel is required to operate this process than either the arc or the 
cyanamide processes. 

The synthetic ammonia process has been developed almost entirely 
in Germany, and during the latter stages of the war was the most 
important source of her nitrogen supply. It was not until the 
present year, 1921, when at Syracuse, N. Y., the first plant of any 
size outside of Germany using this process, came into regular pro- 
duction. Though the Government had built a synthetic plant at 
Sheffield, Ala., during the war, it had not come into regular opera- 
tion before the end of hostilities, when it was shut down. Experi- 
mental plants with only a very small production have been operated 
in France and Italy, and a commercial plant is now under construc- 
tion in England. But the German plants up to this time have sup- 
plied all of the nitrogen fixed by this process, and their capacity is 
so great that in a normal year they furnish more than half of the 
world's supply of fixed air nitrogen. The plant at Syracuse, N. Y., 
has only about one one-hundredth of their capacity and can supply 
less than 2 per cent of the total inorganic nitrogen requirements of 
the United States. 
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d. Cyanide process^-^The only other fixation process which has 
been used in full scale operation is the cyanide process, and this is 
as yet in a rather preliminary stage of development. 

In this process soda ash, carbon, and iron are intimately mixed 
and heated to a red heat in the presence of nitrogen gas. The nitro- 
gen combines with soda ash and carbon, forming sodium cyanide, the 
iron acting as a catalyzer. 

The cyanide may be used in the metallurgical industry, as an 
insecticide, or it may be treated with steam to produce ammonia. 

F. NITROGEN FIXATION ACTIVITIES OF UNITED STATES GOVERN- 
MENT. 

Although an American company had a cyanamide plant at Niagara 
Falls, Canada, which, in 1913, was probably the world's largest air 
nitrogen plant, the importance of nitrogen fixation both in its com- 
mercial and military aspects was thoroughly appreciated at that 
time by only a few in this country. 

Developments early in the World War, however, showed the vital 
importance of Germany's nitrogen fixation plants in supplementing 
her inadequate supply of nitrogen from the by-product coke ovens 
and so enabled her to continue her production of military explosives 
with imports of nitrate from Chile cut off. 

In 1915 the Chief of Ordnance in his annual report called atten- 
tion to the absolute dependence of this country on Chile for an ade- 
quate war-time nitrogen supply. In 1916, as a result of this recom- 
mendation and the support received from the agriculturists who 
appreciated the value of an increased nitrogen supply for fertilizers. 
Congress appropriated $20,000,000 for the development by the Gov- 
ernment of nitrogen fixation. After extended investigations by a 
committee of scientists and engineers, who recommended the use of 
the direct synthetic ammonia process developed by the General Chem- 
ical Co., the Ordnance Department in 1917 at Sheffield, Ala., started 
the construction of a plant to use this process, with an annual capa- 
city of 8,000 tons of nitrogen. 

The requirements for nitrogen, however, kept increasing as the 
war continued; there was danger that submarines might cut off, or 
seriously interfere with the Chilean nitrate supply ; and the ships in 
the nitrate fleet were urgently needed to carry supplies overseas. As 
a result it was decided that additional nitrogen fixation capacity was 
needed. In view of the emergency it was considered best not to de- 
pend on the direct synthetic process, which though a success in Ger- 
many had never been used anywhere else, but to use the cyanamide 
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process, which had been successfully operating in Canada for some 
six years. Late in 1917, therefore, at Muscle Shoals, Ala., using the 
processes of the American Cyanamid Co., construction was started 
on a plant with an annual capacity of 40,000 tons of nitrogen. Con- 
tinually increasing requirements called for additional capacity and in 
1918 plants each of half the size of the Muscle Shoals plant and al- 
most identical with it were started at Cincinnati and Toledo, Ohio, 
and at the time of the armistice the necessity of still additional fixa- 
tion plants was being very carefully considered. 
A plant using the cyanide process, the products of which were to 

be used in chemical warfare, was also constructed at Saltville, Va., 
under the direction of the Bureau of Mines of the Interior Depart- 
ment. The Navy Department had also started late in 1918 the con- 
struction of a (irect synthetic-ammonia plant at Indianhead, Md., 
which was to have the same capacity as the plant at Sheffield, Ala. 

None of these plants had come into full production before the 
cessation of hostilities, when they were shut down. Trial operation 
had shown that the Sheffield plant needed further extensive modifi- 
cation of equipment and process before it could be depended upon to 
operate regularly ; the Muscle Shoals plant had operated to the ex- 
tent completed very successfully ; the plant at Saltville had operated 
with some success from a technical point of view; the other cyana- 
mid plants were each only about a third complete, and the Navy 
Department plant had just been started. In all some $107,000,000 
had been spent during the war by the Government in connection with 
its nitrogen fixation program. 

In order that the synthetic-ammonia process used in the Sheffield 
plant might be developed to a workable basis, the War Department 
undertook research on several phases of the process as well as en- 
gineering redesign of much of the equipment. Eecent developments, 
however, by private industry apparently make unnecessary any fur- 
ther Government activities in connection with this process other than 
laboratory research, and justify the United States in depending en- 
tirely on private industry for the future industrial development of 
this process. 

The case of the Muscle Shoals plant is somewhat different, for 
though the process is a well-developed one, on an entirely workable 
oasis, the plant has sufficient production capacity to warrant its being 
kept in order that its production may be available in case of emer- 
gency. This means that it should either be retained and adequately 
maintained by the Government, or if disposed of, by sale or lease, to 
private industry there should be rigid guaranties as to its availa- 
bility for nitrogen production in time of war. 
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Sipce the armistice governmental research on nitrogen fixation has 
been carried on largely at the Fixed Nitrogen Research Laboratory, 
originally organized in the Ordnance Department and recently trans- 
ferred to the Department of Agriculture. 

G. PRESENT STATUS OF NITROGEN FIXATION. 

1. In the United States. 

In this country there are the two commercial fixation plants, the 
synthetic-ammonia plant of the Atmospheric Nitrogen Corporation 
at Syracuse, N. Y., with an annual capacity of 3,000 tons of nitro- 
gen, and the arc-process plant of the American Nitrogen Products 
Co., near Tacoma, Wash., with an annual capacity of some 300 tons 
of nitrogen. There are also the two Government fixation plants, now 
idle and in indefinite stand-by, the tried-out cyanamide plant at 
Muscle Shoals, Ala., with an annual capacity of 40,000 tons of nitro- 
gen, and the synthetic- ammonia plant at Sheffield, Ala., which, with 
extensive modification of equipment, should have an annual capacity 
of 8,000 tons of nitrogen. There is thus an operating capacity of 
3,300 tons and an idle capacity of an additional 48,000 tons. On the 
other hand, the present annual normal demand for inorganic nitro- 
gen in this country over and above the 110,000 tons which can be 
furnished from the coking of coal is about 105,000 tons. 

2. In Foreign Countries. 

Our progress in nitrogen fixation shows up poorly in comparison 
with that of many other countries. Germany, besides having a by- 
product coke oven capacity somewhat greater than ours, possesses 
nitrogen fixation plants with an annual capacity of some 400,0<X) 
tons of nitrogen, giving her a total domestic supply more than suffi- 
cient for her needs, and rendering her entirely independent of im- 
ports. Great Britain, too, has about the same by-product coke oven 
capacity that we have, and, although she has no nitrogen fixation 
plant yet operating, there is one building, which it has been reported 
will have an ultimate capacity of 30,000 tons of nitrogen. Norway 
and Sweden, with their abundant cheap water power are well pro- 
vided with fixation plants. Plants are also to be found in France, 
Switzerland, Italy, Holland, Austria, Japan, and Canada. 

H. FUTURE OF NITROGEN FIXATION. 

The nitrogen-fixation industry had such a forced growth during 
the war that its expansion in the immediate future will probably not 
be very great. Not only was this source of supply tremendously 
increased, but there was a considerable increase in the number of 
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by-product coke ovens in many of the countries, including our own. 
With all this increased supply available, there has been a f alljng off 
in demand', due to the general world-wide economic conditions. 

The result has been a marked depression in the nitrogen industry, 
and many fixation plants have been unable to stand the competition 
of the by-product coke ovens and of Chile and have been compelled 
to close down. But experience has shown that the world demand 
for nitrogen has doubled every 10 years, and it will be only a very 
few years until the demand catches up to the supply. 

While the fixation industry is almost marking time, so far as ex- 
pansion is concerned, it is far from marking time in research and 
development work. Existing processes and all their promising vari- 
ants as well as entirely new processes are being carefully studied and 
tried out on small scale in an effort to get the process that can pro- 
duce at lowest cost. This is taking place in all of the industrial 
countries of the world, and the United States is no exception. 



CHAPTER n. 



UTILIZATION AND SOURCES OF INORGANIC NITROGEN. 

A. INTRODUCTION. 

It has Ibeen truly stated that in the present state of civilization 
a nation lacking an adequate supply of nitrogen can be great neither 
in peace nor war. Nitrogen in its several combinations is an essen- 
tial constituent of all fertilizers, it is needed in many of the basic 
industries^ and it is absolutely necessary to the manufacture of 
practically all military explosives. 

Experience has shown that the world's total consumption of nitro- 
gen in the last few decades has doubled every 10 years, and the con- 
sumption in the United States has been increasing at an even more 
rapid rate. In order to get a true idea of the situation as to 
consumption and supply, it is equally as necessary to consider the 
trend of conditions from year to year as it is conditions as they 
are now. Therefore, past as well as present conditions will be in- 
cluded in the following discussion. 

Both because more accurate information is available as to the 
situation in this country and because the situation here is not only 
fairly typical but it. is of the greatest interest and importance to 
us, it will be considered first. In order, however, that this situa- 
tion may be viewed in its proper perspective, and the possibilities 
of imports and exports considered, the world situation will then be 
discussed, though of necessity in less detail. 

B. SITUATION IN THE UNITED STATES. 

The domestic consumption of nitrogen, as has been stated, may 
be broadly divided into three parts : the agricultural, the industrial, 
and the military. The nitrogen exported must also be added in 
figuring our total nitrogen requirements. 

To meet these requirements, there are two domestic sources of sup- 
ply; first, the nitrogen recovered from the coking of coal either in 
12 
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by-product coke ovens or in gas retorts, and second, the nitrogen of 
the air transformed into usable form in the fixed nitrogen plants. 
The amount by which this domestic supply fails to meet the con- 
sumption must be made up by importing nitrogen either as nitrate of 
soda from Chile or as sulphate of ammonia or other nitrogen com- 
pounds from Europe. 

The consumption of nitrogen in agriculture, in the industries, and 
for military purposes as well as for exports will first be considered, 
followed by a discussion of the supply from the coking of coal, from 
the nitrogen fixation plants, and from imports. Then will follow a 
brief discussion of nitrogen prices. 

1. Nitrogen Consumed in Agriculture. 

a. General. — Nitrogen, together with phosphorus and potassium, is 
essential to the growth of plant life. All fertilizers contain one or 
more of these elements, and most fertilizers contain all three. Of 
these, nitrogen is as important as any and, in the proportion ordi- 
narily used, is the most expensive. 

In the United States it is customary for the fertilizer manufac- 
turer to mix, in various given proportions, materials containing these 
three elements, which are bagged and sold as mixed fertilizer to the 
farmer, some 60 per cent of the fertilizer used in this country being- 
in the form of mixed goods. 

The nitrogen in fertilizers is derived from two classes of ma- 
terials — organic, or animal and vegetable materials, and inorganic,, 
or mineral and so-called chemical materials. The most important 
organic materials are cottonseed meal and animal tankage, the latter 
a waste product of the meat-packing industry. Other organic ma- 
terials used are garbage, fish scrap, hair, horns, scrap leather, and 
other such waste materials. The inorganic materials are nitrate of 
soda from Chile, sulphate of ammonia — the form in which nitrogen 
is usually recovered from the coke ovens, to a much less extent cy- 
anamide — one of the forms in which nitrogen is fixed from the at- 
mosphere, and a very small amount of other chemicals. 

Statistics as to the quantities of each of these materials used for 
fertilizers are meager and conflicting. Perhaps the two most reliable 
sets of figures are those for 1913, as reported by the Federal Trade 
Commission, and those for 1917 and 1918, as reported by the fertil- 
izer control of the Department of Agriculture. It so happens that 
the total fertilizer tonnage did not differ greatly in these three years. 
These figures, which include not only the nitrogenous materials used 
in the manufacture of mixed fertilizers but also those sold separately 
to the farmers, are shown in Table 1. 
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Table 1. — Consumption of nitrogen in commercial fertilizers in the 

United States, 



Nitrate of soda 

Ammonium sulphate 

Cyanamide 

Miscellaneous inorganic materials. 



Total inorganic nitrogen. 



Cottonseed meal 

Tankage and blood 

Miscellaneous organic materials. 



Total organic nitrogen. 
Total nitrogen 



Per cent 
nitrogen 
in ma- 
terial. 



15.6 
20.6 
18 



Nitr<^n contained in material 
(in net tons). 



1913 



40,600 

26,800 

2,800 



■|" 



1917 



44,300 

25,100 

6,700 

2,200 



70,200 78,200 



1918 



36,400 

20,700 

1,100 

800 



59,000 



Average. 



40,400 

24,200 

3,500 

1,000 



69,100 



Average 

per cent 

of total 

nitrogen. 



24.8 

14.8 

2.2 

0.6 



42.4 



7 
6-lli 
6-15 



46,200 
26,000 
16,500 



50,100 
27,600 
22,200 



88,700 I 99,900 



49,400 
20,100 
23,300 



92,800 



48,600 
24,600 
20,700 



29.8 
15.1 
12.7 



93,900 



57.6 



158,900 



178 200 



151,800 



163,000 



100.0 



Figures are approximate estimates, based, for 1913, on tiata contained in Federal Trade Commission 
"Report on the Fertilizer Industry," and for 1917 and 1918 on data in Department of Agriculture Bulletin 
798, ''A Survey of the Fertiliter Industry." 

It will be noted that about three-sevenths of the total nitrogen 
was furnished by inorganic materials, Chilean nitrate supplying 
about three-fifths of this, sulphate of ammonia about a third, and 
cyanamide and miscellaneous materials the remainder. Of the or- 
ganic nitrogen a little more than half was furnished by cottonseed 
meal, a little more than a quarter by tankage and blood, and the rest 
by the many miscellaneous organic materials. With two marked 
exceptions, in the case of nitrate of soda and of sulphate of ammonia, 
practically all of these materials go into mixed fertilizers. Some- 
what more than a third of the nitrate and more than half of the 
cottonseed meal are sold direct to the farmers for separate appli- 
cation to the soil. 

6. Growth in the use of fertilizers. — Commercial fertilizers first 
began to be used in this country about 50 years ago, and their use 
has increased steadily since that time. By 1899 the value of the 
fertilizers produced was more than seven times their value in 1869. 
From 1899 to 1914 the growth was at a much more rapid rate, as is 
shown in Table 2. 

Table 2. — Production of fertilizer in the United States, 



Year. 



1899. 
1904. 
1909. 
1914. 
1919. 



Total fertilizer. 



Net tons. 



2,887,114 
3,591,771 
5,618,234 
8, 432, 206 
8,291.000 



Value. 



$42,097,673 
56, 928. 034 
100,089,971 
153, 260, 212 
280, 280, 000 



Complete and ammo> 
niated fertiliser. 



Net tons. 



1,622,474 

2,385,201 
3, 52:3, 759 
5,612,421 
4,696.000 



Value. 



128,781,883 

44,325,882 

74,109,307 

121, 676, 386 

196,343,000 



other fertilizer. 



Net tons. 



1,264,640 
1,206,570 
2,094,475 
2,819,785 
3,595,000 



Value. 



$13,315,790 
12,602,152 
25,980,664 
31,583,826 
83,937,000 



From U. S. Census statistics; figures for 1919 are preliminary. 
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It will be noted that in the 10 years prior to 1914 the us^ of com- 
mercial fertilizers more than doubled, the rate of growth in each 
5-year period being substantially the same. In 1915, owing to the 
influence of the war, with the abnormally low price received for 
the cotton crop, the consumption of fertilizer decreased very con- 
siderably. There was a still further slight decrease in 1916, but since 
then and until the present year the consumption increased at ap- 
proximately the rate that prevailed from 1909 to 1914. In the 
present year, however, the consumption has been abnormally low, 
due again to the abrupt fall in the price of farm products and 
particularly of cotton. There is little doubt, though, th^t in a year 
or two the use of fertilizers will again increase at a rapid rate. 

Although the South has been and still is the ptiacipal user of 
fertilizer in the last few years, having taken nearly 65 per cent of 
the total production, the Middle West has shown the largest rate of 
growth from 1910 to 1914 and since 1916, and in 1920 used over 12 
per cent of the total. In New England, which uses in the neighbor- 
hood of 5 per cent, and the Middle Atlantic States, which use about 
17 per cent, the growth has not been so rapid. The jfigures f rom 1910 
to 1920 are shown in Table 3 : 

Table 3. — Fertilize?' consumption in sections of United States. 



Year. 



1910. 
1911. 
1912. 
1913. 
1914. 
1915. 
1916. 
1917. 
1918. 
1919. 
1920. 



For 


Formddle 


Southern 


Atlantic 


States. 


States. 


Net tons. 


Net toils. 


3,978,372 


1,003,500 


4,416,117 


1,064,250 


4,140,779 


1,105,466 


4,511,756 


1,207,513 


6,107,244 


1,301,139 


3,498,106 


1,253,404 


3,463,407 


1,137,255 


4,004,285 


1,318,692 


4,436,586 


1,305,132 


4,490,561 


1,167,383 


5,123,098 


1,247,273 



For mddle 
Western 

States. 



For New 

England 

States. 



Net tons. 
426,041 
481,024 
458,221 
576,360 
634,500 
582,252 
521,007 
570,812 
726,168 
805,500 
930,132 



Net tons. 
274,300 
304,000 
323,000 
342,000 
391,500 
358,000 
368.000 
410,923 
433,000 
323,000 
341,450 



->-*- 



For other 
States and 
Porto Rico, 



Net tons. 
71,342 
82,375 
84,550 
74,216 
83,145 
79,950 
93,380 
118,331 
100,857 
61,752 
58,636 



Total for 
United 

States. 



Net tons. 
5,753,555 
6,347,766 
6,112,016 
6,711,845 
7,517,528 
5,781,712 
5,583,049 
6.423,043 
6,991,743 
6,848,196 
7,700,589 



Figures from The American Fertilizer Handbo<^. 

c. Need for fertilisers. — ^This very rapid growth in the use of fer- 
tilizers in the United States is only repeating what has taken place 
in Europe. It was first felt in the South and the East. The use of 
fertilizer in the Middle West has already begun, however, and will 
inevitably increase faster in the future than in the past. 

If the prices of nitrogenous fertilizers were low enough, there is 
for practical purposes almost no limit to the amount that could be 
advantageously used. It has been estimated by Doctor Lipman, di- 
rector of the New Jersey Agricultural Experiment Station, that the 
annual loss of nitrogen from all land under cultivation in the United 
States which is not replaced by manure, by the nitrogen supplied by 
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plowing under leguminous crops, by atmospheric precipitation in the 
form of rain and snow, and by the present use of commercial fer- 
tilizer, amounts to between 3,000,000 and 4,000,000 tons of nitrogen, 
to replace all of which would take from 15,000,000 to 20,000,000 tons 
of sulphate of ammonia, or from 160,000,000 to 200,000,000 tons of 
ordinary commercial mixed fertilizer. 

Of cojttrse it would not pay now or in the immediate future to use 
fertilizer to any such extent on all of the land under cultivation, but 
these huge figures represent the upper limit to the use of nitrogen in 
fertilizer, and show how far from that limit the present consump- 
tion is. 

d. Future use of fertilizer. — It will be more and more advantageous 
to use fertilizer in the future. The value of land in the agricultural 
sections of the country must inevitably increase and f afm labor will 
become more and more diflScult to get. The use of fertilizer which 
causes a greater production per unit of land and per unit of farm 
labor must inevitably increase, and, assuming that a sufficient supply 
is available, it is not unreasonable to predict that it will increase even 
faster in the future than it did before the war. 

e. Increasing use of inorganic nitrogen in fertilizers, — Besides the 
steady and rapid increase that there has been, and which, it is be- 
lieved, there will continue to be in the use of commercial fertilizers, 
there is another tendency in the fertilizer industry that has an 
important bearing on the requirements for inorganic nitrogen for 
fertilizer use. That tendency is the use of more inorganic and less 
organic nitrogen in fertilizer. This has come about not through the 
choice of either the manufacturers or users of fertilizer but because 
the supply of organic materials is a relatively inelastic one and can 
not respond to the increasing demands. 

All of the organic nitrogenous materials are the by-products of 
other industries, principally the meat-packing and the cottonseed-oil 
industries; and though these industries have grown steadily during 
the last 20 years,»their growth has not been nearly as rapid as the 
growth in the consumption of fertilizer. This is especially true of 
the meat-packing industey. Also, during this same period, there 
has been a steadily increasing use both of cottonseed meal and of 
blood and animal tankage for feeding purposes. The net result has 
been to make available for fertilizer use an amount of organic nitro- 
gen slowly increasing up to a few years ago. Since then there has 
been, generally speaking, no increase but rather a fairly considerable 
decrease. 

It is entirely logical that these materials should be used for feeds 
rather than for fertilizers. If used for feeds, they take the place 
of equivalent quantities of the more expensive feedstuflfs, while, if 
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used for fertilizers, they replace the less expensive inorganic nitrog- 
enous materials — ^nitrate of soda or ammonium sulphate. 

Figures compiled by the Department of Agriculture show that in 
1917 and 1918 about half of the high-grade animal tankage and 
about two-thirds of the cottonseed meal was being used for feed, and 
it is believed that these proportions will undoubtedly incre$tse. That 
these materials are now primarily feeds and only secondarily ferti- 
lizers is shown by the fact that their price is controlled more by the 
feedstuff market than by the prices of their competitive nitrogenous 
fertilizer materials, Chilean nitrate and ammonium sulphate. 

Table 4 shows hoTv the use of inorganic nitrogen in mixed ferti- 
lizers has been increasing during the last 20 years. 



Table 4. — 8ovrce8 of nitrogen in mixed fertilizers in the United States, 

IN POUNDS OF MATERIAL PER NET TON OF "COMPLETE AND AMMONIATED" FER- 
TILIZER. 



Year. 



1R89 
1904 
1909 
1914 
1919 



Nitrate 
of soda. 



14 5 

28.2 
44.5 

52.4 
53.8 



Ammo- 

Djum 

sulplmte. 



6.1 

8.9 
37.2 

53.4 
66.7 



Cyana- 
mide. 









9.2 

7.2 



Cotton- 
seed 
meal. 



Ml. 4 
»92.6 

115.9 
95.3 



TanVftge 

and other 

ammoni- 

ates. 



(•) 

(») 



316.3 
270.2 



From United State."? cen.sus statistics; figures for 1919 are preliminary. 

IN POUNDS OF NITROGEN PER NET TON OF "COMPLETE AND AMMONIATED" FER- 

TILIZER. 



Year. 



1899 
1904 
1909 
1914 
1919 



Nitrate 
of soda. 



2.3 
4.4 

6.9 
8.2 
8.4 



Ammo- 
nium 
sulphate, 



1.1 

1.8 

7.8 

11.0 

11.7 



Cyana- 

mide. 









1.7 

1.3 



Total 

inorganic. 



3.4 

6.2 

14.7 

20.9 

21.4 



Cotton- 
seed 
m/oal. 



0.8 
6.5 



(«). 



8. 
6. 



Tankasro 

and othier 

ammo- 

niates. 



(«) 

(«) 
20.6 
17.6 



Total 

organic. 



(«) 
(«) 
(«) 

28. 

24. 



Total. 






49.6 
45.7 



1 Estimated from United States census figures for vahie of materials. 
* Figures not available. 



It will be noted how the quantity of inorganic nitrogen per ton of 
nitrogen containing fertilizer (a complete fertilizer contains nitrogen, 
phosphoric acid, and potash, and an ammoniated fertilizer nitrogen 
and phosphoric acid) has increased more than sixfold from 1899 
to 1919. Unfortunately, figures are not available prior to 1914 as to 
the quantities of organic ammoniates, other than cottonseed meal, 
which were used. It is evident, however, that, unless the average 
nitrogen content of the nitrogen-containing fertilizers was in 1899 
only 60 per cent what it was in 1919 — and it is not believed that such 
was the case — the relative use of these organic materials must have 
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decreased markedly. This conclusion is borne out, too, by the change 
shown in the figures from 1914 to 1919. The case of cottonseed meal 
is somewhat different. In the last 20 years there has been, broadly 
speaking, little increase in the cotton crop and therefore in the 
tonnage of seed available. The increasing proportion of seed 
;rushed, however, has made a steadily increasing quantity of meal 
available. This increase was rapid enough for a time, even with the 
rapidly increasing use of meal as a feed, to furnish an increasing 
supply for fertilizers. This is shown by the marked increase in the 
figures from 1899 to 1914. Since 1914, however, the proportion of 
seed crushed has been approaching the limit, and the relative supply 
available for fertilizers has been decreasing, as shown by the change 
in the figures from 1914 to 1919. 

Another marked change that has been taking place in the sources 
of nitrogen in mixed fertilizer is shown by the increasing proportion 
of the nitrogen furnished by ammonium sulphate, the use of which 
has increased even more rapidly than that of its competitive inor- 
ganic material — Chilean nitrate. It will be noted that in 1919 over 
ten times as much sulphate was used per ton of nitrogenous fertilizer 
as was used 20 years earlier, whereas the use of Chilean nitrate in this 
same period increased only threefold. 

This growing appreciation of the value of sulphate in mixed ferti- 
lizers is very fortunate, for sulphate is primarily a domestic product, 
while all the nitrate is imported from Chile. As the by-product coke 
oven sulphate capacity in this country increased by some 80 per 
cent during the war, there is little doubt that the proportion of 
sulphate used in mixed fertilizers will continue to increase. 

/. Summary, — In considering the consumption of inorganic nitro- 
gen in fertilizers, two important tendencies should be kept clearly in 
mind : First, the rapidly increasing use of fertilizers ; and, second, the 
marked change that is taking place in replacing the organic by the 
inorganic nitrogen materials. The net result is a consumption of 
inorganic nitrogen in fertilizers which has been increasing, and which 
will continue to increase, at a rate even more rapid than that in the 
use of fertilizers. 

2. Nitrogen Consumed in Industries. 

a. Uses of nitrogen in industry, — In the chemical industries, in 
which is included the manufacture of industrial explosives, nitrogen 
plays a very important part. This nitrogen is consumed in two 
forms, as nitric acid made from Chilean nitrate, and as ammonia fur- 
nished by the gas works and by the by-product coke ovens. At present 
about 60 per cent of the nitrogen is consumed in the form of nitrate 
and about 40 per cent in the form of ammonia. 

Table 5 gives the consumption of the nitrate of soda. 
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Table o. — Consumption of nitrate of soda in the United States, 





1899 


1904 


1909 


1914 


1919 


Use. 


Net- 
tons. 


Pel- 
cent 
of 
total. 


Net 
tons. 


Per 

cent 

of 

total. 


Net 
tons. 


Per 

cent 

of 

total. 


Net 
tons. 


Per 

cent 

of 

total. 


Net 
tons. 


Per 
cent 

of 
total. 


Explosives 


88,524 
37,892 


60.7 


" ' ■ ■ 


60.4 
20.4 


188,889 
52, 976 


67.0 
16.0 


190,960 

58, 101 
1,503 


46.2 

14.1 

0.4 


174, 742 

85,020 

8,428 


42.1 


Chemicals and acid . 
Other industries 


29,0 45,021 


20.6. 
2.0 
















Total indus- 
tries 


123, 416 
19, .518 


86.7 
13.3 


178,055 
42,213 


80.8 
19.2 


241, 865 
89,846 


73.0 
27.0 


250,564 
162, 184 


60.7 
30.3 


268,190 
147, 558 


64.7 


Fertilizers 


35.3 






Total reported. 

Total United 
States im- 
ports 


145,934 
164,071 


100.0 220,268 
255,475 


100.0 


331, 711 
473, 192 


100.0 


412, 748 
e05, 720 


100.0 


415, 748 
456, 410 


100.0 



From U. S. Census statistics; figures for 1919 are preliminary. Figures for imports from recOTds of 
Bureau of Foreign and Domestic Commerce. 

It will be noted that a very considerable portion of the nitrate 
of soda is not accounted for in the above tabulation. The discrep- 
ancy is most noticeable in the case of the 1914 figures, though the 
figures for 1919 are only apparently in better agreement, for, in 
addition to the nitrate imported in that year, there wa'S at least a 
quarter as much again furnished by the surplus war stocks. The 
nitrate not accounted for in the tabulation was probably used, for 
the most part, for fertilizer sold directly to the farmer and there- 
fore does not appear in the census returns of the fertilizer manu- 
facturers. The figures for the industries, however, are somewhat 
lower than statistics collected during 1918 would have indicated 
probable, and it may well be that some of the unaccounted-for 
nitrate should be included there. 

The figures do, however, give an idea of the relative amounts of 
nitrate used for the different purposes, and they show how the total 
consumption has increased in the last 20 years, for industries more 
than doubling, and for manufactured fertilizers increasing nearly 
eightfold in this period. It will be noted that about two-thirds of 
the nitrate used in the industries goes, after being converted into 
nitric acid, into the manufacture of industrial explosives, such as 
dynamite, blasting powder, etc., which are used not only for prac- 
tically all mining and quarrying operations but to a rapidly increas- 
ing extent for road building, clearing land, digging ditches, and 
other operations. About a third of the industrial nitrate goes into 
the chemical industries, where it is used for the manufacture of 
nitric acid and to a lesser extent in the manufacture of sulphuric 
acid by the chamber process. A large part of this nitric acid is 
used in the rapidly growing nitrocellulose product industry, which 
includes artificial leather, now almost universally used for auto- 
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mobile upholstery, photographic films, imitation ivory, and all forms 
of celluloid. A relatively small amount, included in "other in- 
dustries " in the tabulation, is used in the glass industry. 

The figures for the consumption of ammonia, not including that 
of sulphate of ammonia, which is almost all used for fertilizer, are 
given in Table 6. 

ft 

Table 6. — Cotmumption of Ammonia in the United States, 
[Sulphate of ammonia not included.] 





1899 


i9at 


1900 


1914 


1919 


Use. 


Net 
tons. 


Per 

cent 

of 

total. 


Net 
tons. 


Per 

cent 

of 

total. 


Net 
tons. 


Per 
cent 

of 
total. 


Net 
tons. 


Per 
cent 

of 
total. 


Net 
tons. 


Per 

cent 

of 

total. 


Refrigeration 

Cliemicals 


1 1,222 




12,876 

«6,683 

»3I8 


30.9 

65.7 

3.4 


»6,985 

« 11, 490 

•1,200 


33.2 

60.1 

6.7 


18,330 

« 13, 724 

«3,288 


32.9 
54.1 
13.0 


127,350 




Bxplosives 


»54 




•4,737 








Total 


0) 


6Q.87.'i 


100,0 


* 18, 675 


100.0 


»25,342 


100.0 


* 34, 947 








' 1 





1 From U. S. Census statistics; figures for 1919 are preliminary. 

• Estimated, by differences. 

• Estimated from U. S. Census figures for ammonium nitrate manufactured. 

* No data available. 

* Prom Table 10, this chapter. ' 

The figures showing the ammonia used for refrigeration are the 
Census figures for anhydrous ammonia production and are probably 
quite accurate, although the figure for 1919 is surprisingly large and 
may include some ammonia used in the chemical industry. The figures 
for the ammonia used for explosives are probably also approximately 
correct, but those given for chemicals, which are figured by differ- 
ences, can only be considered as indicative, as the figures for total 
production are from a different source and may not be strictly 
comparable. These figures for total production are obtained by 
adding to the figures for ammonia produced as such in the by- 
product coke ovens the entire output of the gas works. The rela- 
tively small part of the ammonia production from gas works which 
goes into the manufacture of sulphate may be assumed without 
serious error to balance that small part of the sulphate going into 
the chemical inclustrv. 

The tabulation, however, indicates the relative amounts of am- 
monia used for the different purposes. It will be noted that dis- 
regarding the incomplete 1919 figures, about a third of the am- 
monia consumed in the industries is used in the rapidly growing 
refrigeration industry, for the operation of cold-storage plants, and 
for the manufacture of artificial ice ; that somewhat more than 
half of the ammonia is used in the quantity production of staple 
chemicals, principally soda ash, ammonium chloride, and sodium 
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cyanide, and in iiie mannfackire ol hoias€h0ld ammoaia; and about 

one-eighth of the ammonia goes into the explosive industry for tho 
manufactunr of the ammonium nitrate used in "permissible'' ex- 
plosives. 

J. Increase in consumption, — It will be noted that the threefold 
increase reported in the industrial consumption of nitrate of soda 
in the 20 years from 189S to 1919 is less than the increase in imports 
during this period, which increased at nearly double this rate. On 
the other hand, the industrial consumption of ammonia, owing to 
the rapid increase of the refrigeration industry, and the growing 
consumptii9n of ammonium nitrate in the manufacture of explosives, 
had a tenfold increase in this same period, an increase not much 
different from that in the total consumption of ammonia and its 
compounds for all purposes. 

It is not probable that the consumption of nitrogen in the industries 
will continue to increase at such a rapid rate in the future, but it is 
believed that the actual average annual increase — not the percentage 
increase— will be even greater in the future than in the past. 

In the preceding discussion it has been assumed that the require- 
ments for nitrogen as nitrate and as ammonia are entirely distinct. 
The development during the war of the process for the oxidization 
of ammonia to nitric acid has shown that the conversion of ammonia 
nitrogen to nitrate nitrogen is entirely practicable, and should, in 
the future, ammonia be relatively much more plentiful than nitrate, 
and its price, therefore, enough lower to offset the expense of con- 
version, there is no doubt that a considerable part of the requirements 
for nitrate nitrogen would be supplied by the conversion of ammonia 
nitrogen. 

3. Nitrogen Consumed in Military Explosives. 

a. Past consumption^ — Prior tQ the outbreak of the World War the 
total consumption of nitrogepi in, this country for military explosives 
increased from a few hundred tons iA.1900 to between one and two 
thousand tons in 1914. E;xact statistics qn the consumption during 
this period are not readily obtainable, and, since the use of nitrogen 
for this piHPpose.is such a very small paj;t of. the total consumption, 
exact figures are not necessary* ; . 

In the latter part of 1915 the manufacture of military explosives 
for the -Allies began^ and from that tijpe on until the termination of 
hostiUties in 1918 the production of military explosiyes in this coun- 
ty Increased at a tremendpua rate. 

Table 7 shows the estimated quantity of nitrogen used in the manu- 
facture of military explosives in 1918, the year of maximum con- 
sumption. ; . 
100676**— 22 'd 
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Tarlb 7.^B9iimated oonsumptian of fiUrogen in' 1918 4n the United States for 

nUUtary ewplo$iveM, 



Zjcfiodf, 



Ammonimn nitrate. . . 

t. N. T. 

Picric Mid 

Otlur higli exjrioBiTcs. 



Total hi|^ eocplotiws. 
Smokeless powder 



Total. 



Qnantlt; 

orodooed 

formiU- 

taryiiM. 



yitkmt. 
77,200 
77, MO 
58,600 
25,700 



Nitrogen required. 



As 

nitrate 
nitrogen. 



20)900 

10,900 

0,500 



2W,000 

261,700 



500,700 



66,100 
70,700 



135,800 



As 

nitrogen. 



Nmmu. 

14,700 





500 



15^200 




15,200 



Total. 



Nit torn. 
90,100 
20,000 
19,300 
10,000 



80,800 
70,700 



151,000 



Figures for high exploslTee are estimates based on data given in ''American Production 
of Military High Bxplosives and Their Raw Materials,'* by Lieut. Commander Carleton 
H. Wright, U. S. Navy, U. 8. Naval Institute Proceedings, October, 1920. Figure for 

£roductIon of smokeless powder is estimate based on records of Council of National 
defense. 

As has been stated, nitrogen can be converted through the 03:idation 
of ammonia from its ammonia form to its nitrate form. This was 
actually done in 1918 in the two Government nitrate plants, which, 
however, were completed and came into production so late in the year 
that they furnished less than a thousand tons of the ammonium nitrate 
reported. 

To furnish the 135,800 tons of nitrate nitrogen and the 15,200 tons 
of ammonia nitrogen required 870,000 tons of Chilean nitrate and 
18,600 tons of ammonia, equivalent to 74,000 tons of sulphate of am- 
monia. This quantity of nitrate was greater than the total consump- 
tion in the United States for all purposes in any year prior to the 
World War. 

In 1918, too, a military reserve stock of Chilean nitrate was grad- 
ually built up with the object of ultimately accumulating a sufficient 
quantity to last for six months should all imports be cut off. It was 
believed that a six months' stock, augmented by severe rationing of 
nitrogen for all nonmilitary uses, would be sufficient to last until 
additional fixation plants of sufficient capacity to meet the de- 
mand could be built and rushed into production. A smaller stock of 
ammonium sulphate, to be used in one of the processes for manufac- 
turing ammonium nitrate, was also being accumulated. As a result 
of this accumlation, at the end of 1918 some 80,000 tons of nitrogen 
was on hand in these accumulatel stocks. 

In other words, the accumulation of these essential reserves, to- 
gether with the actual consumption in the manufacture of military 
explosives, required in 1918 in the neighborhood of 230,000 tons of 
nitrogen, equivalent to more than 1,474,000 tons of Chilean nitrate, a 
quantity of nitrogen more than a third greater than our consumption 
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of inorganic nitrogen in all forms and for all purposes in any year 
before the World War. This military cons^mption of nitrate added 
to the nonmilitary consumption necessitated our importing from 
Chile almost three times as much nitrate as had ever been imported 
before the war. In June, 1918, for example, there were 105 steamers 
and 23 sailing vessels, aggregating some 700,000 tons, in the ^^ nitrate 
fleet," and this at a time when we needed every ship for forwarding, 
troops and supplies to France. 

b. Future consumption. — ^The future consumption of nitrogen in 
military explosives, as long as the United States is not involved in 
war, will be but little larger than was the case before the war. In 
fact, for the next few years it will probably be less, as the large 
amounts of powder and expolsives now in storage, though requiring 
reworking from time to time, will require little additional con- 
sumption of nitrogen. In any event, the peace-time consumption 
of nitrogen for military explosives will be a negligible factor in the 
total consumption. As long, however, as the production of nitrogen 
in this country is inadequate to meet even our peace-time demands, 
and we are so largely dependent on imported nitrogen for our sup- 
ply, conditions will be no different in case of a future war. In that 
event, the first effort to meet the situation would probably be an at- 
tempt to restrict the nonessential uses of nitrogen. Study and ex- 
perience during the war both show, however, that very few of the 
uses are nonessential. Certainly refrigeration and fertilizers are 
even more necessary in war than in peace for insuring an adequate 
supply of foodstuffs. During a major war the only way to meet 
the condition of diminished labor supply on the farms, coupled with 
a demand for maximum production, is to increase the production 
per man by the use of fertilizer and to preserve the products by 
refrigeration. 

The next effort undoubtedly would be to adapt the existing do- 
mestic sources of supply ; that is, the by-product coke ovei^s and the 
nitrogen fixation plants, to produce nitrogen in the exact form 
needed for the manufacture of explosives. Fortunately, this is a 
matter involving few technical difficulties, and the time required 
for this would probably be no more than that needed to get into 
operation the explosives plants themselves. 

Coincident with these efforts, assuming that we retained control 
of the seas, imports would be increased to the maximum extent. 
The question of shipping, which was so critical during the last war^ 
would not be such a factor now, owing to the greatly increased 
American tonnage available; but it must be remembered that im- 
ports are absolutely dependent upon our maintaining uninterrupted 
a long sea line of communications. 
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In any event, it would almost certainly be necessary to duplicate 
the existing nitrogen fixation plants, and experience shows that this 
could not be done in very much less than a year, and only iii that 
time by expanding a going organization familiar with the manu- 
facturig processes. 

In order that this country may be adequately prepared, it is neces- 
sary that there should be a military nitrogen reserve sufficient to last 
until additional facilities can get into production. The Ordnance 
Department of the Army now has such a reserve, consisting of loaded 
ammunition, bulk explosives, and a stock of Chilean nitrate, and is, 
further, maintaining the nitrate plant iat Muscle Shoals in stand-by 
ready to start production in case of emergency. 

c. Summary. — In the case of military explosives we have a negli- 
:gible consumption in time of peace, increasing suddendly and enor- 
mously in case of war, when it becomes not only the most vital but 
the largest part of the total consumption. It is almost impossible 
to predict what this consumption would amount to in a future war, 
but it is safe to say that the future use of explosives in warfare will 
greatly surpass their use in this war, for as time goes on the real 
strength of an army is more and more dependent on its chemical 
munitions. Such has been the development in the past, and such 
will be the development in the future. 

4. Nitrogen Exported. 

In the past, and, in fact, until the last three years, but little in- 
organic nitrogen has been exported, as this country itself has been 
such a heavy importer, A large part of the little inorganic nitrogen 
exported was contained in mixed fertilizers manufactured here. 

However, since the war, with the great reduction in the sulphate 
exports from Europe and the largely increased production of sul- 
phate in the United States, our exports of sulphate of ammonia, 
largely to the West Indies and to the Far East, have become of suffi- 
cient magnitude to be of importanice. Exports of nitrogen in other 
forms are still comparatively small in amount. 

The exports of sulphate from the United States in recent years 
are shown in Table 8. 



Table 8. — Exports of sulphate of ammonia from the United States, 



■ 


1916 


1917 


1918 


1919 

• 


1920 


1921 


AnlnhRtA »' Ammnnla (nAt tonn) 


U2,ft40 


»902 


(«) 


(•) 


« 120,000 


•41,785 





1 From "Price of Fertilizers," War Industries Board Price Bulletin No. 4S. 
> Negligible. 
* No data available. 

4 Estimate. Export figures of Bureau of Foreign and OozxiMtic ComiDarDe show exports of a6,7U tons, 
May to December, inclusive, 
f For first eight moutlis only. 
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It is unfortunate that more complete statistics are not availabk, 
but records have been kept of our exports only since May, 1920. 
There is no doubt, though, that in 1920 we exported more sulphate 
than we have ever imported in any past year. 

At first it may seem peculiar that we were exporting sulphate and 
at the same time importing nitrate. The fact is, however, that sul- 
phate is preferred to nitrate as a fertilizer for rice and sugar cane, 
the principal crops in those countries that took the bulk of our sul- 
phate. On the other hand, in this country, nitrate of soda, the 
original inorganic fertilizer material, is still preferred by many as a 
fertilizer in spite of the increasing use of sulphate. 

The question as to what may be expected in nitrogen exports from 
this country in the future is most uncertain, depending largely on 
whether we can meet the competition of the European sulphate. It 
is probable, however, that our exports will continue at an appreciable 
rate. It is very desirable that there be exports, both frcrni a com- 
mercial and a military point of view, as exports not only help our 
foreign trade but also make available an additional source of supply 
in case of war. 

• i 

5. Nitrog^en Recovered From Coal. 

«. General. — ^The first sources of nitrogen supply that will be con- 
sidered, the sources that furnish practically all of the nitrogen pro- 
duced in this country, are the by-product coke ovens and the coal- 
gas works. In these, when the coal is coked, a part of the nitrogen 
originally contained in it is recovered. 

Bituminous coal, used for coke manufacture, contains from 1 to 2 
per cent of combined nitrogen. During the coking process, from a fifth 
to an eighth of this nitrogen is given oflf in the form of ammonia, 
the rest escaping as free nitrogen or remaining in the residual coke 
only to escape later as free nitrogen when the coke is burned. The 
amount of nitrogen recovered varies with the character of coal used 
and the conditions under which the by-product coke ovens are oper- 
ated. The ammonia gas, which constitutes only a very small por- 
tion of the coke-oven gases, is removed from the latter by absorption 
either in sulphuric acid to make ammonium sulphate or in water to 
make ammonia liquor. Ammonia is only one of the by-products ob- 
tained, the principal others being tar, light oil, and gas. In the 
simpler beehive ovens, still extensively used, only a form of tar is re- 
covered, all of the gas from the coking process being allowed to 
escape without treatment. 

By-product coke ovens were first introduced into this country about 
1893, but by 1900 the coke production from this source was only 5 
per cent of total. Table 9 shows how the by-product coke production 
has increased since 1900. 
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Tabu 9. — Production of coke and pig iron in the United 8tatei. 
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These figures show a more or less constant growth in the produc- 
tion of by-product coke to 1912. The result of this very rapid growth 
was a tendency toward an oversupply of by-products, and conse- 
quently the building of additional by-product ovens was somewhat 
checked until stimulated again In 1915 by the demand for the by- 
products for the manufacture of munitions. In 1917 and 1918, in 
order to secure an adequate supply of toluol for the manufacture of 
T. N. T., the Ordnance Department of the Army by special contracts 
caused the construction of many additional ovens, the last of which 
were not completed until 1920. As a result of this increase the by- 
product ovens furnished nearly 60 per cent of all the coke produced 
in 1920, and in the tirst eight months of the present year, as a result 
of the business depression reducing the production of the beehive 
ovens much more than that of the by-product ovens, the proportion 
of by-product coke increased to more than three-quarters of the total. 

This growth in the by-product coke production, it should be noted, 
had not, up to the last three years, been accompanied by any general 
decrease in the production of beehive coke. Production had varied 
from year to year, but the average production during the 15 years 
before 1919 had remained very nearly the same, with the by-product 
ovens supplying all the increase in the demand, but not to any great 
extent taking the place of the beehive ovens. 
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6. Future hy-product coke prodtustian. — ^The demand for coke is 
to a very coni^derable extent determined by the condition of the 
iron industry, a fundamental industry of the country, which varies 
from year to year according to general business conditions. The 
preceding tabulation shoWs how closely the consumption of coke has 
followed the production of pig iron. This tabulation also shows 
that, although the iron industry has grown somewhat irregularly, 
periods of reduced production following every few years periods of 
record production, there has been a steady and constant increase in 
the average production. 

At present there are considerable accumulated requirements for 
iron and steely for example, in construction work which has been 
postponed; it is believed that certain industries, such as the auto« 
mobile and farm tractor industries, will require increasing amounts 
of steel ; further, steel will probably be used more and more in place 
of wood. On the other hand, it is unlikely that railroad requirements 
for steel — a vea^ considerable part of the total requirements in pre* 
vious years — ^will be so great as in the past. Further, the production 
of pig iron in this country has doubled in the last 15 years, an in* 
crease much greater than that in the population. It is evident that 
this per capita increase in the consumption of iron and steel can not 
continue. It therefore seems entirely reasonable to assume that 
the production of pig iron in this country in the next few years 
will continue to increase by the average prewar amount of about a 
million and a quarter t6ns a year. 

This growth in the iron industry sets a fairly definite limit to the 
amount of coke that will be required in the future, for although 
attempts have been made to introduce coke as a domestic fuel, the 
consumption for this purpose is as yet a negligible part of the total 
consumption. 

It is entirely possible that within the next few years by-product 
ovens will in years of normal business activity supply from two- 
thirds to three-quarters of the total coke production, but it is un- 
likely that they will displace beehive ovens to any greater extent than 
this. The iron industry has always been a business of upe and downs, 
and consequently the coke requirements have fluctuated from year 
to year. The preceding tabulation shows in the last 15 years four 
cases in which the production of coke has fallen off very consider- 
ably from the previous year, the percentage of decrease ranging 
from 36 per cent to 15 per cent of the production of the previous year 
and averaging for these four years 25 per cent. This year the de- 
crease from last year will probably be at least 45 per cent. A by- 
product oven once built must continue in operation as long as possible, 
not only because it must carry much heavier fixed charges on capital 
invested than the cheaper beehive oven,, but if shut down it must be 
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partly reconstructed at considerable cost before being placed in oper- 
ation again. On the otber hand^ the simpler beehive o¥en can be put 
into operation after an extensive period of idleness at comparatively 
small cost. Business considerations would therefore indicate that 
the maximum production to be expected from by-product ovens 
would be that production necessary to supply the minimum require- 
ments; the difference between the minimum requirements and the 
maximum requirements — that is, the noncontinuous requirements — 
being taken care of by the cheaper and simpler beehive ovens. A 
study of the figures given in the jpreceding tabulation for coke pro- 
duction from these two sources dfor the past few years shows clearly 
how much less the by-product production fluctuate^ with the variable 
demand. For instance, ia 1908 the production of beehive coke fell 
off 38 per cent from the previous year's figures, while the production 
of by-product coke decreased 22 per cent. In 1911 the production 
of beehive coke felL off 21 per. cent, while the production of by- 
product eoke increased slightiyi In 1914 the production of beehive 
coke fell 'off 83 per ocrit and by-product only 12 per cent. In 1919 
the beehive production fell of 44 per cent and the by*-product only 
4 per cent. In the first 8 months of the present year the beehive 
production, it is estimated, has fallen off some 70 per cent and the 
by-product only about 35 per cent. 

It is not believed that in the next few years there will be any great 
number of new by-product coke ovelis constructed, Gost of con- 
struction is still above the prewar cost, and the capacity for the pro^ 
duction of by-products from the coke ovens now built is approxi- 
mately three times that of the highest prewa;r year. It seems probable 
that the number of by-product coke ovens will increase rather grad- 
ually in the next few years, until probably not more than three- 
quarters of our normal coke supply will be furnished by by-product 
ovens. After this it is entirely possible that the percentage of by- 
product coke will continue to increase very gradually, but it is 
believed that it will be many years before beehive ovens are Entirely 
displaced. On this assumption the growth in the production of 
by-product coke ovens in the next several years will be limited to 
some 15 per cent of the 1920 production, to which mu^ be added some 
three-quarters of the amount by which the future coke consumption 
exceeds that in 1920. If this growth is distributed over several years, 
as is probable, it will be a very much less rapid growth than has 
occurred since 1914. 

e. Nitrogen recovered in the mwnufaciure of coal gaa.-^ln the 
manufacture of coal gas, coal is coked in retorts differing somewhat 
from by-product coke oven«. The gas given off contains a part of 
the nitrogen in the coal as ammonia, and this ammonia is recovered 
in very much the same way as ifr done in the case of the^- by-product 
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coke ovens. Nearly all of the ammonia recovered at the gas works 
is, however, in the form of ammonia liquor instead of as sulphate. 

d. P7*oduction of sulphate of aminonia. — In statistics of ammonia 
production the ammonia is ordinarily reported as " sulphate equiv- 
alent,'' or the amount of sulphate that the ammonia is capable of 
making. As 4 tons of sulphate can be made from 1 ton of ammonia, 
the " sulphate equivalent " is four times as large as the actual produc- 
tion of ammonia as such. Table 10 gives the production of ammonia 
from the by-product coke ovens and from the gas works, all figures 
referring to " sulphate equivalent." 

TABI.E 10. — Production of ammonia in the United States. 
(All figures are in net tons of "sulphate equivalent.") 



Year. 



1902. 
1003. 
1904. 

1905. 
190fi. 
1907. 
1008. 
1909. 
1910. 
1911. 
1913. 
1913. 
1914. 
1915. 
1916. 
1917. 
1918. 
1919. 
1930. 
1921. 



From by-product coke ovens. 



As sul- 
phate. 



15,638 
»6,200 
114,113 
1 19,332 
•20,000 
124,441 
122,047 
•40,200 
•35,124 
6 36,460 
M7,M3 
6 80,671 
"6 85,^382 
6 99,950 
6 135,916 
6 176,361 

• 218,194 
« 272, 116 

• 337,500 



As liquor. 



«9,367 
« 15, 287 
« 17,500 
» 19,912 
•25,000 
> 38, 520 
•27,682 
•43,200 

• 46,044 
6 51,953 

• 69»9«7. 
•62,250 

• 57,867 

• 72,756 
« 99, 349 

6 104,035 
6 130,460 
•101,071 
•130,000 



Total. 



15, 

21, 

31, 

39, 

45, 

62, 

49, 

83, 

81, 

88, 

107, 

148, 

143, 

172, 

235, 

280, 

348, 

373, 

467, 

W200, 



005 
487 
613 
244 
000 
961 
979 
400 
168 
413 
560 
921 
2» 
706 
265 
396 
654 
187 
500 
000 



From gas 

works, 

aasumed 

as liquor. 



•20,000 
•20,000 
•22,000 
•25,000 
•30,000 
< 36, 600 
« 83,860 

* 31, 600 
«80,d00 
< 32, 000 
"« 35,000 
« 42, 000 
«48,500 

• 51,921 
« 53, 000 
•44,274 
» 29, 674 
•38,715 
•40,000 

1*25,000 



Total as 
liquor. 



129,367 

135,287 

139,500 

144,912 

56,000 

1 75, 120 

161,239 

74,700 

76,044 

83,953 

94,947 

104,250 

101,367 

124,677 

162,349 

148,309 

160,134 

139,786 

170,000 



Grand 
total. 



35,005 

41,487 

63,613 

64,244 

75, OW 

99,561 

83,279 

114,900 

111,168 

120,413 

142,560 

190,921 

186,749 

224,627 

288,265 

324,670 

878,328 

411,902 

507,500. 

225,000 



Per cent 
of total 

produced 
as sul- 
phate. 



16.1 
15.0 
26.8 
30,1 
26.7 
24.6 
26.5 
35.0 
31.6 
30.3 
33.4 
45.4 
45,7 
44.6 
47.1 
54.3 
57.7 
66.1 
66.5 



1 Figures from "Artificial Qas and By-products in 1915,'' U. S. Geological Survey. 
> Estimated by difference. 
s Elstimate. 

* Estimate of The Barrett Co., New York, in "The American Fertilizer Handbook, 1921." 

• Fifures from '* Mineral Resources of United States," as quoted in '' Tarifl Infonnaticn Survey, Ammo* 
slum Compounds." 

• Figaree from "Coke and By-products te 1916 and 1917," U. S. Geological Survey. 
' Figure furnished by U. S. Geological Survey. 

■ Figures from '^Weekly Coal Report," U. S. Geological Survey; those for 1920 are preliminary. 

* Estimated from Census data. 

M Estimated tot first ^ht months only. ' 

It will be noted from Table 10 how very rapid has been the increase 
in the total ammonia production of this country, an increase due 
almost entirely to the growth in the number of by-product coke 
ovens, for the output of ammonia from the gas works, which now 
furnish less than 10 per cent of the total production, has increased 
but little in the last 10 years. 

In Table 10, owing to lack of data, all of the ammonia output from 
the gas works has been listed as ammonia liquor. While this is not 
strictly correct, it is believed that no serious error is introduced, as 
the proportion of gas-works ammonia recovered as sulphate is small. 
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The ammonia output of the bone-carbonizing works is also so small 
that it has been neglected in the tabulation. 

It will be noticed how the proportion of sulphate produced has 
increased in the last 20 years from a sixth to two-thirds of the total 
ammonia production. This rapidly increasing quantity of sulphate 
has been for the greater part used in the fertilizer industry. The 
increase in the fertilizer consumption of sulphate, however, has not 
been quite as rapid as the increase in production would indicate, 
for in the last 20 years the United States has changed from a fairly 
heavy importer of sulphate to an equally heavy exporter. 

6. Nitrogen From Fixation Plants. 

a, CoTJimerdal plants. — Up to the present year there has been al- 
most no quantity fixation of atmospheric nitrogen within the limits 
of the United States. -For a few years a small arc process plant 
operated in North Carolina, and more recently another small arc 
process plant, that of the American Nitrogen Products Co., has been 
operating in the State of Washington. This plant, however, pro- 
duced sodium nitrite, a chemical used in the dyestuff industry, for 
which a better price could be obtained than for nitrogen either in 
the form of nitrate of soda or sulphate of ammonia. Some other 
experimental and development installations have operated on a 
very small scale, but the aggregate supply from all these sources 
has been a negligible factor in the country's total supply of nitrogen. 
Within the last few months, however, the Atmospheric Nitrogen 
Corporation has brought into production at Syracuse, N. Y., a newly 
constructed fixation plant using the direct synthetic ammonia process. 
This plant has an annual capacity of some 3,000 tons of nitrogen in 
the form of anhydrous ammonia, the form in which ammonia is 
usually used in the refrigeration industry, and a form of nitrogen 
commanding a better price than nitrogen either as sulphate of am- 
monia or as nitrate of soda. 

h. Government plants. — During the war United States Nitrate 
Plant No. 1, at Sheffield, Ala., using the General Chemical Co.'s 
direct synthetic ammonia process, and United States Nitrate Plant 
No. 2, at Muscle Shoals, Ala., using the cyanamide process, were 
practically completed. 

Experimental operation was started at plant No. 1, but regular 
production was not secured, and considerable modification of the 
equipment and process would be necessary before regular production 
could be secured from this plant. 

Plant No. 2 was tested and showed conclusively that it could pro- 
duce fixed nitrogen at its rated capacity— approximately 40,000 tons 
per year — at reasonable cost. Altogether, No. 2 plant produced 
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about 600 tons of nitrogen in 1918 and aboiit 700 tons of nitrogen in 
1919. 

c. ftUure production from Ration plants. — ^If the Government 
plant at Muscle Shoals should be leased or sold, and be operated for 
the fixation of nitrogen, the domestic production of nitrogen in this 
country would be increased by 40,000 tons of nitrogen, equal to a 
little over 40 per cent of the present nitrogen capacity of the by- 
product coke ovens and gas works. In order, however, for the Muscle 
Shoals plant to operate profitably, it is necessary not only that com- 
paratively cheap water power be available, but also that the rental 
or purchase price paid for the plant be considerably less than would 
be determined by the present cost of reproduction. In other words, 
though the operation of this particular plant would be profitable 
under the preceding conditions, it is very unlikely that any additional 
cyanamide plants will be oonstructed in this country in the next few 
years unless there is a considerable change in conditions. 

It is probable that the two commercial nitrogen fixation jdants 
already operating in this country, which supply the rdatively high- 
priced markets for sodium nitrite and anhydrous ammonia, will con- 
tinue to operate. It is entirely possible that the plant at Syracuse 
may be extended to supply a considerable part of the entire consump- 
tion of anhydrous ammonia in this country. Beyond that point, 
however, where the product of this plant would have to compete 
directly with the lower-priced sulphate of ammonia or nitrate of soda 
for fertilizer use, expansion is more doubtful. The direct S]mthetio 
ammonia process, it is true, has been able to compete successfully in 
Germany with Chilean nitrate, but a large part of the cost of the 
German plants miist have been amortized during the war, and the 
rate of exchange has made the price of the Chilean nitrate in Ger- 
many abnormally high. 

7. Nitrogen From Imports. 

a. Imports in the past, — ^In the past 20 years more than three- 
quarters of the nitrogen consumed in this country has been imported, 
principally from Chile in the form of nitrate of soda, usually known 
as Chilean nitrate. 

The only known deposits of natural nitrate of soda which are of 
commercial importance are those located in the rainless regions of 
northern Chile. Scattered small deposits of low-grade nitrate have 
been found in this country, especially in southern California and in 
several other places throughout the world, but none of these has 
yet proved commercially workable. 

The principal deposits in Chile are found in the Province of Tara- 
paca, in the saltpeter or nitrate zone which embraces the extension 
comprehended between the C9.marones Biver in south latitude 19° IV 
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on the north and parallel 27^ to the port of Caldera on the south, a 
distance of 460 miles. The deposits are at intervals from the coast 
varying from 15 miles in the north to 93 miles in the south, and are 
at an altitude of from 3,600 to 13,000 feet above the sea. 

The saltpeter in these nitrate deposits is found mixed with other 
substances, in which common salt predominates, bnt including also 
clay, gravel, and sulphate of soda. There are four strata recognized 
in the fields, although the oompositicHi of each varies from location to 
location. The uppermost layer is called chuca, and consists of the 
surface accumulation of the ages; the second layer, which is firmer 
in consistency, thicker, and much harder to penetrate than the 
chuca, is the costra ; below this is found the caliche, the real, natural 
deposit of nitrate of soda, which may be almost pure chemically, but 
which is considered commercially valuable if it runs above 30 per cent 
of the salt. The fourth layer is the stratum of bed rock called gova. 

In extracting this caliche a cata or small shaft is sunk through the 
surface deposits and caliche to the gova, where a hole is scooped out, 
in which is placed a charge of powder or dynamite. The debris re- 
suiting from the explosion of this charge is divided into masses that 
may be used for building material or such indifferent work, while 
the caliche is collected by itself , placed in mule carts, and transported 
to the fiactory or oficina. 

The caliche itself is a combination of nitrate of soda, varying from 
14 to 75 per cent or more ; sulphate of soda, sodium chloride, iodine 
salts, small proportions of potash, magnesium, and lime with in- 
soluble matter. 

Upon reaching the refinery the caliche is crushed and run into 
huge vats, where the nitrate is lixiviated or leached out with boiling 
water. The boiling usually continues from 20 to 24 hours, accord- 
ing to the quality of caliche treated. After boiling, the solution is 
concentrated and clarified and run into crystallizing tanks, where it 
is allowed to stand for several days. When suflSciently dry, the 
crystals are thrown upon the stock pile, where the sun and wind com- 
plete the process of drying. 

The nitrate is finally put into sacks weighing 100 kilograms (about 
221 pounds) aftd loaded into cars for shipment to the seaports. 

For a few years before the World War considerable amounts of 
sulphate of ammonia were imported, for the most part from Eng- 
land, furnishing at a maximum somewhat less than one-fifth of the 
total nitrogen imported; but during the war England needed this 
nitrogen at home, and imports from this source fell to almost 
nothing. The plant of the American Cyanamid Co. at Niagara 
Falls, Canada, for the fixation of atmospheric nitrogen entered into 
production in 1910, and imports of cyanamide from this plant have 
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steadily increased since that date, but they furnished only a very 
small fraction of the total nitrogen imported. The main reliance 
of this country, however, in the past has been the importation of 
Chilean nitrate^ and the abnormal war demands were met almost 
entirely by expansion of this source of supply. 

Table 11 shows the imports of nitrate' of soda^ of sulphate of am* 
monia, and of cyanamide. 

Table 11. — Imports of principal inorganic nitrogen materials into the United 

Btatea. 



Calendar year. 



1900.. 
1901.. 
1902.. 
190^.. 
IdOi.. 
1905.. 
1906.. 
1907.. 
1908.. 
1909.. 
1910.. 
1911.. 
1912.. 
^1913-. 
1914.. 
1915.. 
1916.. 
1917.. 
1918.. 
1919.. 
19901. 
1921.. 



NttTftteor 

soda (15.6 

percent 

nitrogen). 


Sulphate of 
ammonia 
(20.6 per 
cent nitro- 
gen). 


Net tons. 


Na tons. 


ai7,19» 


10,672 


221,730 


11,908 


^325,000 


11,294 


» 266, 000 


0,406 


255,475 


10,577 


359,778 


5,005 


416,888 


14,846 

afT^sio 


408,363 


347,908 


32,394 


473,192 


43,914 


592,072 


92,342 


610,283 


95,764 


544,714 


60,073 


700,965 


r 65,444 


606,720 


" 8^360 


864,862 


^ 36,366 


1,364,533 


- 14,517 


1,728,398 


8, 141 


2,066,483 


t,352 


456,410 


^ 2,636 


1.480,553 
if 358, 117 


2,233 


«2,614 



Cyanamide 
(ISperceot 
nitrogen). 



Net toTU. 



3»109 

6,048 
11,665 
30,016 
24,408 
33,643 
32,483 
52,940 
50,634 
69,576 
79,863 
»7,504 



Approximation 



> For first eight mcmths only. 



All flmires from records of Bureau of Foreign and Domestic Commerce, except those 
for sulpnate of ammonia for 19OO-190S; these figures are giren In American Fertilizer 
Handbook, 1921. for exports from Great Britain to the United States, and probably are 
some 10 per cent lower than onr total Imports from aU coontries. 

It will be noted how very much the imports of nitrogen in 1920 
exceeded any previous peace-time year. These large imports, coupled 
with a record-breaking domestic nitrogen production and a lessened 
demand in the latter part of the year owing to business depression, 
resulted in such an oversupply of nitrogen and a carrying over of 
stocks at the end of the year that the imports during the present 
year, it will be noted, are even below the pre-war average and not so 
very different from those in 1919, when a similar situation prevailed. 

The nitrogen materials listed in the tabulation — nitrate of soda, 
sulphate of ammonia, and cyanamide — are the principal inorganic 
nitrogen niaterials imported. Other materials imported which fur- 
nish any appreciable tonnage of nitrogen are muriate of ammonia 
or sal ammoniac, potassium nitrate, nitrate of lime, and ammonium 
nitrate. Imports of muriate of ammonia before the war averaged 
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from 6,000 to 7,000 tons per year. Potassium nitrate imports aver- 
aged about 6,000 tons per year, with a maximum of 9,000 tons. 
Imports of nitrate of lime were stated in 1915 to amount to between 
8,000 and 4,000 tons, nearly all of which went to the Pacific coast. 
Imports of ammonium nitrate were comparatively small before the 
war, increasing to some 2,O0O tons in 1915 and to nearly 9,000 tons 
in the first six months of 1920. Other nitrogen materials imported, 
the quantity of which, however, was relatively negligible, were am- 
monium carbonate and other forms of ammonia and nitrate of soda. 
The nitrate of lime and probably most if not all of the ammonium 
nitrate are the products of the Scandinavian nitrogen fixation plants. 
Th^ nitrogen in the muriate of ammonia comes from the coke ovens 
and gas works, and the nitrogen in the potassium nitrate is derived 
from the natural nitrate beds either of India or of Chile. 

b. Imports in the future. — Consideration of the nitrogen situation 
indicates that the requirements of the country will in the future as 
in the past first absorb the domestic production, because domestic 
nitrogen can always undersell imported nitrogen. This is true with 
the nitrogen from the by-product coke ovens and gas works, where 
the cost of production, as is the case with any by-product, is largely 
a matter of bookkeeping. This also will be true if the Government 
nitrate plants are operated, as their operation would almost certainly 
not be undertaken unless it could meet the competition of imported 
nitrogen. The same thing, of course, applies to whatever nitrogen 
is produced in the future in privately owned fixation plants, for this 
source of supply will certainly not materialize unless private capital 
is convinced that nitrogen from this source can undersell, if neces- 
sary, any imported nitrogen. In other words, under the conditions 
that may be expected to prevail in the future, when the consumption 
will be considerably greater than the domestic supply, the price will 
be controlled by the cost of the imported nitrogen necessary to sup- 
ply the deficiency in the domestic production, and the imports will 
therefore just be sufficient to meet whatever deficiency there may be. 

Whether most of this imported nitrogen will be in the form of 
Chilean nitrate or whether some nitrogen may be obtained either 
from the European by-product coke ovens or from European fixation 
plants is immaterial. It is believed, however, that most of the im- 
ported nitrogen over and above the relatively small amount con- 
tained in the cyanamide imported from Canada will be furnished by 
Chilean nitrate, as has been the case in the past. 

0, Summary. — In order that the conditions that have prevailed in 
the last 20 years in regard to the consumption and supply of nitrogen 
may be better realized and that the steady increase in consumption 
may be appreciated a chart (fig. 1) has been prepared. 
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Statistics that have already been given as tathe total snpply of 
nitrogen available in this country during each >Qf the past 20 years 
are quite complete. There is not available, however, equally accurate 
information as to how this nitrogen was consumed, but an estimate 
believed to be fairly accurate was made for ea^ year. The stocks 
of nitrogenous materials carried over from one year to be used in 
the next naturally vary considerably from y6ar to year, according to 
the business conditions. No accurate statistics are available, how- 
ever, as to the stocks on hand at the end of each year, and for this 
reason the consumption for each year was assumed equal to the sup- 
ply for that year. If in one year by this method the consumption 
is too high, the next year will be correspondingly too low, and any 
relatively small errors so introduced will compensate themselves in 
studying th^ general trend of conditions over the period considered. 

It will be noted by comparing the upper line on the chart showinj; 
total supply with the dotted curve immediately below it that the 
total use of nitrogen in. this country increased at a rate somewhat 
greater than 10 per cent each year from 1900 to 1914. The tremen- 
dous demand for nitrogen for military explosives during the World 
War materially checked this growth in the peace-time uses of nitro- 
gen from 1914 to 1919. 

It will also be noted on this chart how the war demand, consid- 
erably greater than the entire consumption in this country of inor- 
ganic nitrogen for all purposes in any year prior to the war, necessi- 
tated importing from Chile in 1918 almost three times as much 
nitrogen as had ever been imported before, and it shows graph- 
ically how greatly dependent this country was during the war on 
this importation. 

The chart shows further how the expansion of the nitrogen supply 
from coke oven and gas works, even though abnormally stimulated 
by war demand, can at present furnish only about half of the nitro- 
gen requirements of the country. Unless this source of supply is 
supplemented by the production of nitrogen-fixation plants it Is 
believed that in the next decade less than half the nitrogen neede«l 
in this country in time of peace will be produced here and that condi- 
tions, instead of becoming better, will slowly become worse. 

This takes into consideration only the peace-time consumption. 
If in the next decade this country should become involved in another 
war taxing our resources to anything like the extent that they were 
during the World War, we would be only about 25 per cent self- 
sustaining in our nitrogen supply. Although during the World 
War we were supplying and preparing to supply to a not inconsid- 
erable extent the ammunition requirements of our allies, as well as 
our own,- in a future war with only our own requirements to take 
care of it is probable that the use of explosives would be increased 
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over that in the World War enough to make our totnl requirements 
fully as great as they were at that time. 

8. Prices of Inorganic Nitrogen. 

The wholesale prices of inorganic nitrogen, nitrates, and am- 
moniates used for fertilizer show rather frequent and very sharp 
fluctuations, as may be noted in Table 12, which follows. This table 
shows the average wholesale prices each year for sulphate of ammonia 
since 1900, for nitrate of soda since 1906, and for cyanamide from 
1913 through 1918. 

Table 12.-^Averagc yearly prices (wholesale) for principal inorganic nitrogen 

. . materials. 





Price of material. 


Price per ton of nitrogen in material. 


Year. 


Nitrate of 

soda per 

100 pounds. 


Sulphate 

of ammonia 

per 100 

pounds. 


Cyanamide 
per unit of 
ammonia. 


In nitrate 

ofsoda(15.6 

per cent 

nitrogen). 


In sulphate 
of ammo- 
nia (20.6 
percent 

nitrogen). 


In cyana- 
mide 
(18 per cent 
nitrogen). 


isoo 


8 

{') 
(1) 

('> 
0) 

$2.36 
2.45 
2.27 
2.14 
2.12 
2.15 
2.44 
2.32 
2.12 
2.33 
3.18 
4.05 
4.68 
3.61 
3.52 

>2.54 


S2.»7 
2.76 
2.98 
3.12 
3.11 
3.12 
3.10 
2.96 
2.95 
2.80 
2.64 
2.85 
2.99 
Z92 
2.69 
3.25 
3.78 
6.87 
6.71 
4.56 
6.15 

«2.4l 






1279.00 
268.00 
289.00 
303.00 
302.00 
303.00 
301.00 
287.00 
286.00 
272.00 
256.00 
277.00 
290.00 
283.00 
261.00 
315.00 
367.00 
570.00 
651.00 
443.00 
697.00 
' 234.00 




1901 


r; 




1902 


i 




1903 


1 




1904 


1 




1905 


1 




1906 




$303.00 
314.00 
291.00 
274.90 
272.00 
276.00 
313.00 
298.00 
272.00 
299.00 
480.00 
519.00 
600.00 
463.00 
451.00 
328.00 

1 




1907 






190S 






1909 






1910 


[:! 

$2.17 
2.15 
2.06 
2.08 
2.88 
3.21 




19U 




1912 




1913 


$264.00 


1914 


261.00 


1915 


250.00 


1916 


253.00 


1917 ; 


350.00 


1918 : 


390.00 


1919 




1920 




1921 .'. 




1 I 





1 Data not readily available. 



« For first nine months only 



Figures for sulphate of ammonia for 1900-1906 are from Coal Gas Residuals, by Fred H. Wagner. 

Figures for nitrate of soda for 1906-1912 and for sulphate of ammonia for 1907-1912 are from Federal Trade 
Commission Beport on Fertilizer industry, and are, respectively, prices in New York and at plants. 

Fi^es for aJl materials for 1913-1918 are from War Industries Board Price Bulletin No. 48, Prices of 
Fertili2ers. and are New York prices for nitrate and sulphate and Niagara Falls prices for cyanamide. 

Figureisior 1919-1921 are from Oil, Paint and Drug Reporter, and are, loi* nitrate of soda price in New York, 
and for sulphate of ammonia price at plants except when in 1919 and 1920 there were no price quotations at 
plants and exx)ort prices were used. 

It will be noted that the average pre-war prices of sulphate and 
nitrate, allowing for the difference iri nitrogen content, are very 
nearly the same; the average from 1906 to 1013 for sulphate being 
$281 and for nitrate $293 per ton of nitrogen content. The price of 
tile nitrogen contained in cyanamide is lower, as that material is 
not as suitable for fertilizer use as is either of the others, and there- 
fore must sell at a lower price to compete with them. The cost of 
cyanamide manufacture is discussed in Chapter IV of this report, 

and will therefore not be taken up here. 
100676*—22 i 
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Practically all of the sulphate of ammonia produced is a by- 
product of the coke and gas industries, and can be sold therefore at 
actual cost of production ; that is, cost of the sulphuric acid used plus 
actual manufacturing expense. The sale price is, however, funda- 
mentally based upon the price of nitrate of soda and finally upon 
the law of supply and demand. 

Nitrate of soda, on the other hand, is mined as such and must 
be sold at a price in excess of its cost on board ship, which includes 
production cost plus export duty. 

This cost is distributed approximately as follows: 

Per cent. 

Bxport duty 41 

Supplies (sacks, oil, fodder, powder, etc.) 1_ 6 

Freight, lighterage, and commission 11 

Administration and general expenses 3 

Coal — 11 

Amortization 9 

The export duty, which was fixed by the Chilean Government at 
$11.39 pr short ton in 1880, has not been changed since that time. 

The average cost of nitrate of soda per 100 pounds loaded on 
shipboard in the various ports of Chile in 1903, according to the 
Federal Trade. Commission, was as follows : 

Cost of mining $0.25 

Cost of refining .16 

General expenses ■. . 04 

.45 

Profits from company stores .02 

.48 

Sacks, cord, sacking, and loading .04 

Railroad freight . 00 

Port expenses .02 

Export tax . 66 

Commissions . 02 

Total cost per 100 pounds alongside vessel 1. 16 

Since that time the cost has slowly but steadily increased to $1.51 
per hundred pounds in 1908 and $1.67 in 1914, which is the cost at the 
present time, September, 1921. This increase in the cost of mining 
and refining nitrate has been due mainly to the marked advance in 
wages and in the cost of fuel. 

Freight from Chile to the United States, which had risen from 
the pre-war figure of $7.50 per ton to $17.60 in 1919, is now below tba 
pre-war rate. 
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It is believed that even in the face of severe competition this cosfc 
at ship side in Chilean ports could not be materially reduced for any 
length of time. Labor, due jbo the closing down of the copper mines 
and the cessation of work on railroad building, is plentiful, and 
the rate of pay, therefore, is at a low level and apt to increase rather 
than decrease, as the other projects mentioned have been only tem- 
porarily discontinued. The export duty levied by the Chilean Gov- 
ernment can not be materially reduced, as this is that Government's 
main source of revenue and practically only means of support. The 
substitution of oil for coal as fuel has effected a reduction in fuel 
costs in the few oficinas in which it has been made from 25 to 40 per 
cent, and could result in a corresponding saving and reduction in 
costs in the other factories. 

Fluctuations in the price of nitrate of soda at the various points 
of consumption did not cause corresponding fluctuations in price on 
the coast of Chile. The price has rather been fixed in the European 
market where its consumption f or *agricultural purposes was the 
heaviest. The very high prices for sugar in the world's markets in 
1911 led to heavy sowing of sugar beets in Europe in 1912, with a 
greatly increased use of nitrate of soda for fertilizer. Stocks on hand 
were thereby depleted, causing the increase in price, as shown in the 
preceding table. In 1909, due to reports of European scientists that 
the nitrate deposits would soon be exhausted, the price of nitrate of 
soda went sharply upward in the European markets. This did not 
affect the markets of the rest of the world, however. 

Although there have been temporary artificial influences, such as 
speculation and manipulation, which have sometimes affected the 
price of nitrate of soda and sulphate of ammonia, the price fluctua- 
tions have been governed fundamentally by the law of supply and 
demand. 

It will be noticed how closely the prices of sulphate of ammonia 
and nitrate of soda have followed each other. An advance in the 
price of one material will usually lead to the substitution of the 
other, increasing the demand and causing a subsequent increase in 
price of this substitute. 

This interrelation of the nitrates and ammoniates is, therefore, a 
very important factor in regulating prices. 

It usually happens that sulphate of ammonia varies in price first, 
to be followed somewhat later by nitrate of soda. Several factors 
tend to make this so, viz, the present world production in tons of 
sulphate is considerably less than that of the nitrate, so that when 
the normal demand is satisfied there is less surplus sulphate to be 
disposed of; a much larger proportion of sulphate than of nitrate is 
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used for fertilizer; the production of sulphate is not as responsive 
to the fluctuations of prices as is the production of nitrate of soda, 
since sulphate is a by-product of industries unrelated to agriculture 
or the needs for fertilizer, the total output each year depending to a 
considerable extent upon conditions in the coke and gas and the iron 
and steel industries. 

C. WORLD NITROGEN SITUATION. 

The world nitrogen situation in detail is shown in the following 
tables, which need very little explanation : 

1. World Production of By-Product Ammonia. 

Table 13 shows by countries the world production of by-product 
ammonia in net tons of sulphate equivalent. The greater part of the 
by-product ammonia is produced in the form of sulphate of am- 
monia, only a small portion bein^ produced as aqua, ammonia liquor, 
and anhydrous ammonia. 

Table 13. — World production of by-product ammonia, 

(AH figures are in Det tons of '^ sulphate equivalent.") 



Country. 



United States 1... 
United Kingdom . 

Germany 

France 

Japan 

Canada 

Italy 

Australia 

Netherlands 

Spain 

Russia 

Austria-Hungary . 



1910 



111, 168 

415,000 

« 417, 760 

•64,176 

6 1,230 

«7,000 

•7,889 

5 3, 857 
»6,830 

6 9,900 



6 31,482 



1911 



120,413 

« 431, 973 

> 468, 160 

•70,000 

6 4,248 

« 7, 124 

6 9,574 

63,064 

6 6,600 

6 13, 200 

6 569 

6 33,363 



1912 



142. 
«434, 
«551, 

•76, 

•8, 
"11, 
•12, 

•3, 

•7, 

6 13, 

36, 



560 

905 
040 
720 
a30 
289 
224 
300 
700 
200 
400 
234 



Total 1,075,292 1,168,288 



1,301,602 



1913 



190,921 

484,532 

605,163 

82,121 

8,818 

10,607 

14,802 

6,048 

7,716 

16,535 

15,222 

38,580 



1,481,065 



1914 



186,749 

477,581 

456,173 

4 70,000 

17,675 

8,571 

15,789 

6,328 

5,512 

17,637 

18,933 

38,580 



1,319,528 



Country. 



United States!... 
United Kingdom. 

Germany 

France 

Japan 

Canada 

Italy 

Australia 

Netherlands 

Spain 

Russia 

Austria-Hungary. 



Total. 



1915 



2r4,627 

477. 419 

«6ai,900 

46, 297 

35,080 

10,448 

16,20} 

7,168 

5,512 

18,188 

18, 056 

36,580 



1916 



288,265 

485,747 

* 700, 000 

27,657 

42,111 

•11,040 

16,5,35 

7,952 

4,409 

19,841 

36,111 

38,580 



1917 



324,670 
513.661 

«77o;ooo 

37, 478 

•55,880 

4 12,000 

9,921 

» 10,987 

M,000 

14,054 



38,580 



1918 



378,328 
484,457 

< 800, 970 
33,069 

6 100, 767 



11,023 
6 13, 200 



1919 



411,902 
445,214 



« 49, 587 



1,501,478 



1,678,148 



1,791,221 



l,850,OOOr 



1,500,000 



1920 



507,500 
V533,'9S0 



1,900,000 



1 Figures from Table 10. 

>The American Fertilizer Handbook, 1921. 

•Nitrogen Products Committee, Final Report (British Report). 

4 Estimated. 

•International Institute of Agriculture, Rome, Italy. 

All figures except otherwise noted from ''Tariff Iniormation Surveys/' U. S. Tariff Commission. 
Figures not shown not available. 
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A falling off in production in 1914 will be noticed. Immediately 
following the declaration of war in Europe the steel markets of the 
world slumped, due to the impossibility of predicting the turn of 
events. This caused a curtailment in the production of coke. The 
slump was only temporary, however, and before the end of the year 
the demand for steel for shell and other materials of war had started 
the sted mills of the world to capacity production with preparations 
for expansion. 

The production of by-product ammonia in France, it will be 
noticed, shows a falling off rather than increase during the war. 
period. Almost from the first the occupation of French territory 
by German troops took place, with the consequent destruction .of the 
numerous steei mills located in this territory, causing over a 50 per 
cent reduction in the iron and steel production capacity of France. 

2. World Consumption of Nitrate of Soda. 
Table 14 shows the world consumption of nitrate of soda by 

countries. 

Table 14. — World consumption of nitrate of soda. 

[In net tons.] 



Total Europe. 
GerutBMy. 
France... 
Be%iuni.. 
Holland. 



England and Scotland. 

*ly 

Austria-Hungary 



Ital 



Spain 
TotaTUnited States 
All other countries . 



Total. 



1910 



1,927,671 
805, 8fH 
872,019 
316,933 
153,3X0 
139,884 

50,433 
6,519 

12,071 
577,725 

95,608 



1911 



2,601,004 



1,034,9(98 

819,094 

373,188 

334,706 

159,378 

146,464 

59,074 

5,£18 

9,891 

625,974 

84,920 



2,645,862 



1912 



2,196,833 

1,004,803 

390,608 

341,357 

199,343 

151.404 

49.080 

7,838 

14,934 

485,947 

105,493 



2,788,278 



1913 



360,501 
350,941 
181,249 
141,648 

56,952 
8,203 

14,489 
649,168 

96,114 



2,817,282 



1914 



1 1.841,932 

1648,841 
s o2L, 898 
» 173, 422 

» 86, 547 
> 393, 009 

« 65, 638 



« 39, 670 

581,100 

86,600 



2,123,700 



Total Europe. 
Germany. 
France. . . 
Belgium . . 
HolUUld. 



England and Scotland . 



Italy 
Austrla-H ungary 
Spain 

TotaTUnited States.. 

AH other countries . . . 



Total. 



1915 



1,111,700 



« 277, 057 


« 42, 519 
s 405, 822 

« 78, 903 



s 42, 213 
909,250 
196,150 



2,217,100 



1916 



1,651,400 



« 581,908 


< 64, 805 
s 456, 163 

s 94, 214 



'49,204 

1,300,200 

314,000 



3,265,600 



1917 



1,168,400 



« 491,079 



s 61, 338 

« 271, 990 

s 114, 565 



« 57, 556 

1,672,250 

201,250 



8,041,900 



1918 



956,650 



« 281, 745 



n,241 

» 688, 170 

« 106, 713 



s 20, 626 

2,100,600 

138,550 



3,195,800 



1919 



608,250 



•171,194 
« 87, 196 

< 166, 431 
«27,485 
« 14, 151 



s 64, 053 
353,300 
146,200 



1,007,750 



1920 



1,454,400 



1,385,700 
218,400 



3,058,500 



1 Figures for only six months' German consumption available. 

* Final Report of Nitrogen Products Committee (British report). 

* Data compiled by Statistics Branch, General Staff, U. S. Army. 

Figures 1910-1913 from Federal Trade Commission Report on Fertilizer Industry. 

F^ures 1914-1920, except as otherwise noted, from International Institute of Agriculture, Rome, Italy. 

Figures not given not available. 
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Immediately at the start of the war a blockade was effected which 
cut Germany off from importation of Chilean nitrate. At the same 
time, and continuing during the latter half of 1914, a German fleet 
stationed off the coast of Chile successfully prevented nitrate carriers 
bound for countries at war with Germany, and in many cases, those 
bound for neutral countries as well, from sailing. These conditions 
caused the drop in nitrate of soda consumption as noted for the years 
1914 and 1915. 

It will be further noted that the year 1919 shows a decided drop 
due to labor difficulties in Chile and shortage of coal, as well as to the 
cessation of the war demand and liquidation of war stocks. The con- 
sumption in the United States during the war period, 1917 and 1918, 
is also worthy of note. The importations during this period for the 
United States reached three-quarters of the pre-war requirements of 
the whole world and more than three times the British war demand. 

No figures are available for the amount of nitrate, if any, which 
reached Germany during the war, but it is stated that very large 
stocks were captured at Antwerp in 1915. 
3. Production and Consumption of Nitrogen. 

Table 15, consisting of seven separate tabulations, shows the pro- 
duction and consumption of nitrogen in each of the principal con- 
suming countries — Germany, United States, Great Britain, France^ 
Japan, Italy, and Norway. 
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The increase in production in fixed atmospheric nitrogen in Ger- 
many in 1913 marks the starting up of the Haber plant at Oppau, 
while that in 1915 marks the material expaiision of this plant. Ger- 
many's second Haber plant, located at Merseburg, was placed into 
production in 1917 and 1918, resulting in the production increases as 
shown. 

While cyanamide production was on the increase in Germany, its 
growth in comparison to the growth of nitrogen production by the 
Haber process was slow. 

It will also be noted that whereas immediately prior to the war 
Germany produced 18 per cent of the world's fixed atmospheric 
nitrogen, in 1918, the last year of the war, she produced 72 per cent. 

In the United ' States the vast increase in imports of Chilean 
nitrate was the principal source for supplying the increased demand 
for nitrogen. The increase in the number of by-product coke ovens, 
however, was responsible for more than doubHng by-product ammonia 
production and for producing about one-fifth of the total nitrogen 
consumed. The Government's fixed atmospheric nitrogen plants did 
not get into operation in time to add to the nitrogen supply, and the 
only fixed atmospheric nitrogen produced was in the form of sodium 
nitrite produced by the small arc plant of the American Nitrogen 
Products Co., at Seattle, Wash. 

Great Britain's sources of nitrogen were domestic production of 
by-product ammonia and importation of Chilean nitrate and fixed 
atmospheric nitrogen. The fixed atmospheric nitrogen was im- 
ported from Norway chiefly in the form of nitrate of lime for the 
manufacture of ammonium nitrate by double decomposition with 
ammoniimi sulphate. Toward the end of the war, however, this 
process beglin to be displaced by other methods, employing Chilean 
nitrate instead of nitrate of lime, accounting for the drop in imports 
of fixed atmospheric nitrogen noted for the years 1917 and 1918. 

The consumption of nitrogen in France does not show the steady 
increase noted in connection with the other countries at war. In the 
first place, the increase in production of fixed atmospheric nitrogen 
scarcely more than equaled the decrease in by-product ammonia 
previously mentioned, and secondly, importations with the years 
1916 and 1917 excepted were below pre-war figures. This condition 
was caused chiefly by lack of carriers. 

A decrease in Japan in nitrogen consumption during the first years 
of the war will be noted. This was due to her inability to import 
sulphate of ammonia, a condition which was later overcome by the 
building of additional by-product coke ovens and cyanamide plants. 

Italy shows but a very slight increase in consumption, her increase 
in domestic production of fixed atmospheric nitrogen being offset by 
her decrease in imports of sulphate of ammonia. 



BEPOBT ON FIXATION AND UTILIZATION OF NITROGEN. 



49 



The striking feature in Norway's chart is the large increase in home 
consumption starting with the year 1917, when Norwegian nitrate 
of lime came into wide use as a fertilizer. It is to be noted that in 
the year 1918 ten times as much nitrogen was consumed as during 
pre-war years. It will also be noted that the fixed atmospheric nitro- 
gen industry, which is almost evenly divided between the arc and 
the cyanamid processes, enjoyed quite an even rate of growth. 

4. Summary of Productioi} and Consumption of Nitrogen by Countries. 

The production and consumption of nitrogen by countries as shown 
in Table 16 is rather an assemblage of the data of the previous tables 
in such form as to afford easy comparison. 

Table 16. — Production and consumption of nitrogen^ by countries, 

[In net tons of nitrogen.] 



Country. 



Germany 

United States 
Great Britain 

France 

Japan 

Italy 

Norway , 

AD others 

Total.., 



1910 



Con- 
sump- 
tion. 



205,376 

134,821 

43,551 

77,700 

18,439 

17,481 

1,112 

139,584 



Produc- 
tion. 



90,167 

22,901 

85,490 

13,418 

253 

2,263 

3,511 

436,508 



1911 



Con- 
sump- 
tion. 



211,109 

140,822 

46,764 

73,537 

23,039 

17,567 

1,294 

157,581 



637,324 654,511 671,713 



Produc- 
tion. 



100,896 

24,805 

88,986 

14,717 

1,330 

2,739 

5,516 

453,475 



1912 



Con- 
sump- 
tion. 



250,332 

128,780 

46,745 

81,025 

25,200 

18,488 

1,490 

183,810 



Produc- 
tion. 



117,870 

29,367 

89,590 

16,794 

2,694 

4,286 

11,993 

472,967 



692,464 735,829 745,561 



Country. 



Germany 

United States 
Great Britain 

France 

Japan 

Italy 

Norway , 

All others 

Total.. 



1913 



Con- 
sump- 
tion. 



260,557 

167,565 

54,031 

79,353 

33,114 

22,519 

2,583 

188,309 



808,031 



Produc- 
tion. 



136,214 

39,330 

99,814 

18,402 

3,202 

6,015 

18,092 

502,372 



823,441 



1914 



Con- 
sump- 
tion. 



199,940 

153,016 

92,548 

66,926 

33,305 

19,572 

2,637 

115,807 



683,751 



Produc- 
tion. 



114,696 

38,470 

98,382 

13,845 

5,126 

6,333 

18,004 

470,725 



765,581 



1915 



Con- 
sump- 
tion. 



257,393 

190,498 

110,978 

70,990 

21,702, 

22,409 

2,784 

96,744 



773,498 



Produc- 
tion. 



257,393 
46,273 
98,348 
25,377 
11,978 
8,346 
19,820 

364,629 



832,164 



1916 



Con- 
sump- 
tion. 



311,180 

271,647 

133,759 

121,347 

22,969- 

23,760 

7,762 

156,816 



1,049,240 



Produc- 
tion. 



311,180 
59,383 

100,064 

25,477 

13,427 

8,387 

33,972 

575,870 



1,127,760 





1917 


1918 


1919 


1920 


Country. 


Con- 
sump- 
tion. 


Produc- 
tion. 


Con- 
sump- 
tion. 


Produc- 
tion. 


Con- 
sump- 
tion. 


Produc- 
tion. 


Con- 
sump- 
tion. 


Produc- 
tion. 


Germany 


391,920 

335,802 

155,720 

107,562 

30,414 

23,994 

18,839 

57,880 


391,920 
67,182 

105, 812 

27,520 

17,511 

6,004 

46,818 

588,302 


489,610 
401,896 
200,918 
73,728 
38,417 
23,516 
25,313 
32,000 


489,610 
78,236 
99,798 
26,612 
29,758 
6,271 
50,654 

533,122 










United States 

Great Britain 


163,651 
81,749 
42,690 


85,152 
91,714 
10,215 


325,923 


104,845 


France 






Japan 






Italy 










Norway 




50,620 






AH others 


















Total 


1, 122, 131 


1,251,069 


1,285,398 


1,314,061 





















Fi^es not shown not available. Figures taken from Tables 15. "All others" taken from International 
institute of Agriculture, Rome, Italy. 



50 



BEPOBT ON FIXATION AND UTILIZATION OF NITBOGBN, 



5. World Production of Nitrogen. 

Table 17 shows the world production of nitrogen in net tons of 
nitrogen for the years 1910 and 1920, inclusive, listed according to 
the kind of nitrogen, viz, nitrate nitrogen, by-product nitrogen, and 
atmospheric nitrogen. The figures for total fixed atmospheric nitro- 
gen show very clearly the growth of this industry. However, it 
must be borne in mind that a large part of the increased war produc- 
tion is from plants not capable of economic commercial production. 

Table 17. — World production of nitrogen, 
(In net tons of nitrogen.) 



Chilean nitrate 

By*pro<luct ammonia. 



Cvanamide process. 
Haber process. 



SI 
other processes 

Total fixed atmospheric nitrogen. 

Total 



1010 



1423,943 
1.221, 510 



1011 



1433,505 
•240,667 



M,058 



«5,000 



•10,702 



« 7,600 



0,058 18,292 



654,511 



692,464 



1012 



1444,653 
• 268, 130 



•20,778 



« 12, 000 



32,778 



745,561 



1913 



s 455, 906 
•305,099 



•35,838 

•6,798 

•19,800 



62,436 



823,441 



1914 



« 413, 127 
•271,823 



•44,035 

13,596 

•23,000 



80,631 



765,581 



1915 



•294,534 
•309,304 



•168,336 
•33,990 
« 26, 000 



228,326 



832,164 



Chilean nitrate 

By-product ammonia. 



Cyanamide process . 
Haber process. 



ni 
Arc and other processes. 

Total fixed atmospheric nitrogen . 

Total 



1916 



• 488,974 
•345,098 



• 196, 108 
•67,980 
« 29, 000 



293,088 



1,127,760 



1917 



•503,474 
•368,991 



• 232,304 

•113,300 

•33,000 



378,604 



1,251,069 



1918 



•479,622 
< 370, 000 



•231,829 

•192,610 

4 40,000 



1919 



•276,945 
4 309,000 



464,439 



1,314,061 



1920 



• 422,685 
4 391.400 



* 130, 000 

• 297,000 
•42,130 



469,130 



1,283,215 



1 Report of Federal Trade Commission on the Fertiliser Industry. 

• American Fertiliser Handbook. 

• From Table 13. 

• Estimated tram, miscellaneous data. 

• Final Report of Nitrogen Products Committee. 

• kittfnflitional InstttCEt»of A|^^ieultui!<e, Rome, Italy. 

Figures not shown not ayaUablt. 



CHAPTER III. 



DEVELOPMENT OF NITROGEN FIXATION IN THE UNITED STATES 

AND FOREIGN COUNTRIES. 

A. EARLY DEVELOPMENT. 

The development of nitrogen fixation into one of the industries of 
the world had its inception about 20 years agb. As early as 1781 
laboratory experiments .had proven »the possibility of fixing atmos- 
pheric nitrogen, but it was not until about 1900 that serious efforts 
were made to secure commercial production. 

The assertion of Sir William Crookes in 1898 that the supply of 
Chilean nitrate would soon be exhausted and that the world would 
then starve unless some permanent source of nitrogenous fertilizer 
could be found had a marked effect in arousing the world to the 
coming importance of nitrogen fixation. However, the growth of 
the fixation industry has not been due in any way to actual exhaus- 
tion of the Chilean deposits, for they still contain enough rlEiw mate- 
rial to last for a long term of years. 

From 1900 to 1914 the consumption of nitrogenous materials in 
agriculture and industry increased steadily and rapidly, thus making 
a condition favorable to the substantial growth of the young indus- 
try while the World War with its pressing military demands gave 
it additional impetus. 

A great number of processes have been suggested and tried out 
more or less thoroughly, but only three — arc, cyanamide, and direct 
synthetic or Haber — have obtained any considerable success. 

1. Arc Process. 

The arc process, the oldest of the three, has been able to survive 
only where hydroelectric power is very cheap, and the largest plants 
of this type are found only in Norway and Sweden. 

The arc process went through a long period of early development 
before the first commercial plant was built. 

Cavendish had noted the formation of nitric acid when hydrogen 
was burned in air in 1781, and in 1783 he found that an acid was 
formed when electric sparks were passed through air. In 1798 
L. Odier explained the formation of nitric acid in the air as a com- 
bustion reaction, and in 1800 Sir Humphry Davy made nitric oxide 

61 
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by passing air over a platinum wire heated by an electric current. 
Later developments in the laboratory showed that lengthy discharges 
gave better results than short ones and that the air should be kept in 
motion. In 1870 Berthelot showed that the arc could displace the 
electric spark with improved results, and at the same time he showed 
that the reaction between the oxygen and nitrogen of the air is 
reversible; i. e., that the concentration of the oxides of nitrogen 
soon reaches a limit if the air is retained in the arc, beyond which 
dissociation of the oxides takes place as rapidly as their formation. 
The principles underlying the action of the magnetic field on the 
arc. were first discussed by Arago in 1820, and were made the subject 
of experiment by Davy in 1821 and many later observers, including 
Pfliicker, who made a detailed study in 1861. 

These are essential facts, an understanding of which was funda- 
mental in the design of a furnace which could produce nitric acid 
on a commercial basis, and, now that the principles of the reaction 
had been established, progress became dependent quite largely upon 
the development of electrical machinery and the solution of the 
various difficulties in the construction of a satisfactory furnace in 
which to bring about the reaction. 

The apparatus used in the first attempt at industrial utilization 
consisted of an inclosed space with an arrangement of platinum 
wires so placed as to allow the passage of electric sparks between 
their ends. This unsuccessful attempt was made in 1859. The use 
of silent discharge along with the electric spark was tried without 
Euccess in Germany. Other patents in 1895 and 1896 contained the 
essential principles far success, but no industrial installation was 
attempted. 

The work of Bradley and Lovejoy has a very important place in 
the development of the arc process. Although their method did not 
meet with commercial success, it did lead directly to another method 
which has proved successful. The Bradley and Lovejoy method was 
patented in 1901, and a large plant was built at Niagara Falls in 
1902. After a thorough test the works were closed down in 1904 
after the yield had proved insufficient to render the enterprise com- 
mercially successful. Failure seems to have been due in large meas- 
ure to the fact that the equipment was very costly and rather fragile, 
requiring frequent repairs. The corporation organized to undertake 
this work was called the Atmospheric Products Co. and was capi- 
talized at $1,000,000. 

The basic principle of the method was sound. It aimed at the 
formation of an enormous number of small slender arcs of short 
duration in order to bring a large quantity qf air in contact with the 
arcs using a minimum of power. Each imit of apparatus consisted 
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of an iron cylinder 5 feet long and 4 feet in diameter revolving 
upon its axis. A series of radial arms projected inward from this 
cylinder and terminated in platinum points. A corresponding series 
of arms with platinum points projected outward from the stationary 
axis. The cylinder formed one electrode and the axis the other. 
When the current was on and the cylinder was rotated, the platinum 
points passed at a short distance and an arc was formed which was 
drawn out in length, as the distance between the points increased, 
until the distance becanie too great and the arc was broken. Thus 
the air passing through the cylinder was constantly subjected to a 
great number of slender arcs of very short duration. A direct cur- 
rent at 10,000 volts was used. 

While this work was in progress in the United States, the first 
really successful furnace was being developed in Norway by Chris- 
tian Birkeland and Samuel Eyde. The method which they devised, 
when used with very cheap power, resulted in the first industrially 
successful plant for nitrogen fixation. In 1903 they built a plant to 
use 150 horsepower at Ankerlokken, near Christiania. In 1904 a 
plant to use 1,000 horsepower was put in operation near Arendal, 
and the next year the works at Notodden were put in operation with 
2,500 horsepower. In 1907 they were using 40,000 horsepower, and 
in 1911 55,000 horsepower. In 1919 Notodden was using 60,000 horse- 
power, and works had been built at Ejukan using 290,000 horsepower, 
making the combined requirements of the two plants about 350,000 
horsepower, both Schonherr and Birkeland-Eyde furnaces then being 
in use. The combined capacity of these two factories had reached 
about 30,000 metric tons of nitrogen per year. 

The Schonherr furnace had been in process of development in Ger- 
many while Birkeland and Eyde were doing their important work in 
Norway. The excellent characteristics of the Schonherr furnace 
made it the chief competitor of the Birkeland-Eyde furnace in the 
great Norwegian works. A description of the three leading types of 
furnace — ^the Birkeland-Eyde, the Schonherr, and l^auling — will be 
found in Chapter IV under the arc process. 

2. The Cyanamide Process. 

The cyanamide process, which dates back to the patents of Frank 
and Caro, 1895-1898, is the most generally used process of the three 
and is not dependent upon any unusual set of conditions for its suc- 
cessful operation. 

The discovery in 1901 that calcium cyanamide could be used 
directly as a nitrogenous fertilizer opened a gr^at field for the new 
compound, and no effort was spared in pushing the technical im- 
provement of the process. The problem consisted of the following 
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factors — to get a cheaper method of extracting nitrogen from the air, 
to produce carbide more economically, to increase the percentage of 
fiitrogen in the product, and to adapt the product to use as fertilizer. 
Attempts were made to bring about the direct formation of cyana- 
mide by heating lime and coke in an atmosphere of nitrogen, accord- 
ing to reaction 

CaO+2C+2N=:CaCN2+CO. 

This method was partly successful, but yielded a product low in 
nitrogen, and so was abandoned for methods using carbide as an 
intermediate product. 

The use of salts, mixed with the carbide as catalyzers, to improve 
the absorption of nitrogen by the carbide was introduced at the very 
beginning of the industry. Calcium chloride was proposed in 1901 
and fluorspar (CaFg) in 1906. The calcium chloride assisted in the 
absorption of nitrogen, but the product containing calcium chloride 
gave trouble unless unusual care was taken to prevent exposure to 
moisture. The use of fluorspar gave better results, and its use, 
though by no means universally adopted, is still the practice at most 
plants! A method has been suggested by which the salt is added to 
the fused carbide as it leaves the furnace and the solid material ex- 
posed to an atmosphere of nitrogen when it reaches the proper tem- 
perature. But this material is too compact to allow satisfactory 
penetration of the gas, and the temperature of the fused material is 
too high to allow the completion of the cyanamide reaction. These 
facts have brought about the universal practice of cooling and pul- 
verizing the carbide before treating it with nitrogen. 

An abundant supply of nitrogen of low cost and high purity is 
essential. Moisture, oxygen, carbon monoxide, and carbon dioxide 
are impurities that can be tolerated only in very small amounts. 
Several chemical methods for producing pure nitrogen have been 
used, all of which are quite similar in principle of action to the 
copper-cupric oxide method. In this method air is passed through 
tubes containing heated copper shavings which remove the oxygen 
with the formation of cupric oxide. The oxide is reduced to the 
metal again by heating it in a current of some reducing gas. Two 
tubes are required to give a continuous supply of nitrogen. By mix- 
ing air and producer gas and passing it through a heated tube con- 
taining a mixture of copper and cupric oxide, followed by a purifica- 
tion system for removing carbon dioxide, a continuous supply of 
nitrogen can be obtained. 

However, experience has shown that the mechanical methods based 
on the fractionation of liquid air are capable of supplying fairly 
pure nitrogen more economically than any of the chemical methods, 
and most of the nitrogen used in the cyanamide process at the present 
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time is made by the use of Linde or Claude liquid air machines. In 
large installations of this type the cost of nitrogen has become a 
very minor item in the cost of producing cyanamide, so no material 
improvement along this line can be expected. 

In adapting the crude cyanamide to use as fertilizer the industry 
has not been entirely successful. In most parts of the world the 
users of fertilizer still prefer other forms of nitrogen, such as am- 
monium sulphate or Chilean nitrate, even at higher unit cost. This 
probably, more than anything else, has limited the expansion of the 
industry, and has led to the conversion of a part of the production 
of cyanamide into more popular materials. 

3. Direct Synthetic Ammonia Process. 

The direct synthetic ammonia process is the newest of the three, 
and can be said to have had its beginning when, in 1905 and 1906, 
Prof. F. Haber, of Karlsruhe, with the aid of G. von Oardt, pub- 
lished a series of papers in which the general conditions for a suc- 
cessful solution were clearly defined. The process was first used in 
successful factory operation in 1913, but expansion took place very 
rapidly under war conditions, so that the process was used for nearly 
one-half of the nitrogen fixation capacity of the world in 1919. It 
had not been used successfully outside of Germany until 1921, when 
the development of the synthetic processes in England, France, Italy, 
and the United States showed genuine progress. 

The Badische Anilin und Soda Fabrik control the process in Ger- 
many. The fundamental principles for successful plant construc- 
tion had been worked out carefully before the war, so the company 
was ready for rapid expansion when the war made it necessary. 
Their first plant, at Oppau, which had a capacity of only 7,000 metric 
tons of nitrogen in 1913, was rapidly enlarged during the early part 
of the war, until its capacity reached 100,000 metric tons of nitrogen 
per year. The reaction chamber or bomb was enlarged from a 
tube about 3 inches in diameter to a cylinder about 3 feet in diameter 
and 40 feet long. 

The various modifications of the synthetic process which are being 
developed outside of Germany have certain distinguishing charac- 
teristics. The direct synthetic plants in Germany use 200 atmospheres 
pressure, the American plant 100 atmospheres, and the Claude process 
in France 600 to 1,000 atmospheres. The Italian and French plants 
use electrolytic hydrogen; the German and American use producer 
gas or water gas as a source of hydrogen. 

4. R6sum6 for 1913. 

It was well understood long ago that the outcome of a great war 
might depend upon the ability of the combatants to obtain nitrogmi 
compounds for their munitions supply. Germany fostered her nitro- 
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gen fixation industry for years before the war and as a result was 
able to continue the war after being cut off from the outside world. 
In other parts of the world the industry received no Government aid 
until after the outbreak of the World War, 

At the end of the pre-war period the world's capacity for nitrogen 
fixation had reached about 85,000 metric tons of nitrogen per year; 
7,000 tons by the direct synthetic process, 60,000 tons by the cyana- 
mide process, and 18,000 tons by the arc and other processes. There 
were cyanamide plants in eight countries, arc plants in five countries, 
and one direct synthetic plant. Statistics on the location and capacity 
of the plants are conflicting, due probably to the existence of several 
small semiexperimental installations. This 85,000 tons of nitrogen, 
the fixation capacity in 1913, represented only 10 per cent of the 
world's requirements of fixed inorganic nitrogen, the other 90 per 
cent coming from Chilean nitrate and by-product ammonia. 

Detailed estimate of the world's installations at the end of 1913 is 
as given in Table I. 

Table I. 



Country. 



Germany 

United States 

Total 

Germany 

Austria 

France 

Norway and Sweden 

Italy 

Switzerland 

Canada 

Japan 

United States. ....*. 

Total 

France 

Norway 

Italy 

Spain 

Xfnited States 

Total 



Number 

of 
plants. 



1 
None. 



3 
2 
1 
2 
3 
2 
1 
1 
None. 



16 



2 
2 
1 
1 
1 



Haber. 



Cyanamide. 

do 

do 

.do 

do 

do 

do 

do 

do 



Process. 



Arc and miscellaaeous. 

do 

do 

do 

do 



Estimated 

capacity 

metric tons 

nitrogen. 



7,000 
None. 



7,0 



10,000 
4,500 
1,500 

17,000 
7,000 
5,600 

11,400 
3,000 

None. 



60,000 



700 

14,500 

700 

1,600 

500 



18,000 



B. HISTORY OF NITROGEN FIXATION DURING THE WAR PERIOD. 

As the war progressed, the important part that nitrogen fixation 
was to play became evident, and the countries of the world fell into 
three classes according to their dependence upon atmospheric nitro- 
gen. In the first class we find those who were cut off from access 
to Chilean nitrate and who therefore were compelled to produce 
their own supply of nitrate for explosives if they were to continue 
the war. Germany and Austria belonged in this class. In the sec- 
ond class we find those countries which took part in the war and were 
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able to secure Chilean nitrate, but, because of uncertainty as to their 
ability to secure a sulBSicient and continuous supply of Chilean nitrate, 
extended Government aid of some sort to the fixation industry as a 
means for national security. France, Great Britain, Japan, and the 
United States belong in this class. In the third class we find Norway, 
Sweden, Italy, Switzerland, and Canada, in which countries the in- 
dustry was allowed to continue on purely commercial lines, the war 
having an effect only in making the business more profitable. 

1. Germany. 

Germany's position with regard to a nitrogen supply was most criti- 
cal during the war. Her commerce with Chile was cut off early in 
the war, and it became imperative to produce, within her own bor- 
ders, all the nitrogenous materials required for munitions as well 
as other essential uses. A Government nitrogen administrator was 
appointed and given authority to regulate the production and use of 
all nitrogenous materials. Under this control all sources of by-prod- 
uct ammonia were used to the fullest extent, with«it relieving the 
situation to any great extent. The Government built two large cyana- 
mide plants from public funds and brought about the enlargement of 
existing cyanamide works and the construction of new ones by liberal 
loans. However, the main source of new supplies of nitrogen was 
developed at Oppau, where the Badische Anilin und Soda Fabrik 
had a plant using the direct synthetic process and producing about 
7,000 metric tons fixed nitrogen in 1913. This plant was enlarged to a 
capacity of 100,000 metric tons nitrogen per year during the early 
part of the war, and another plant, located at Merserberg, was built 
with capacity for 200,000 metric tons nitrogen per year. About 
three-quarters of its capacity had been put in operation before the 
armistice. With the completion of the Merseberg plant Germany's 
total nitrogen capacity amounted to 570,000 metric tons per year; 
300,000 tons by the direct synthetic process, 120,000 tons by the cyana- 
mide process, and 150,000 tons from coal distillation. Along with 
the fixation works, Germany had built plants for the conversion of 
ammonia into nitric acid of all conc^itrations as required in her 
munitions factories. 

Germany was limited by lack of power in choosing the process for 
her main war production. The tremendous power requirements of 
the arc process made it out of the question. Even the smaller power 
requirements for the cyanamide process made it impossible to get 
adequate nitrogen production by that process; but she was able to 
secure the trained personnel and high-grade equipment required 
for the direct synthetic process, and so naturally chose that process, 
possibly without considering comparative costs. 
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2. United States and Canada. 

In Canada the plant of the American Cyanamid Co., at Niagara 
Falls, was enlarged just before the war from a capacity of about 
32,000 tons of cyanamide to about 60,000 tons, or 12,000 metric tons 
of nitrogen, having been enlarged from 16,000 to 32,000 in 1911. 
Nearly the whole output of this plant has always been shipped into 
the United States. The plant of the American Cyanamid Co, was 
built in 1908, but did not get into regular production until some two 
j-ears later. The first ammonia produced in North America from 
cyanamide was made late in 1915 in autoclaves built by the Ameri- 
can Cyanamid Co. at one of the plants of the E. I. du Pont de 
Nemours Powder Co. The American Cyanamid Co. erected auto- 
claves also at the Ammo-Phos Works, at Warners, N. J. These 
were put into operation in January, 1917, and practically the whole 
oiitput of ammonia throughout the war was marketed as aqua 
ammonia for use in explosives manufacture. The plant was built 
for the production of "Ammo-Phos," a new material for use as 
fertiliser, but the production of this material did not begin until 
after the armistice, owing to the demand for ammonia as such. 

The United States Government built one synthetic plant with a 
nominal capacity of 8,000 metric tons nitrogen per year; also a 
cyanamide plant with capacity of 40,000 metric tons of nitrogen 
per year ; and at the time of the armistice had two additional cyana- 
mide plants under construction with a combined capacity of 40,000 
metric tons. The detailed history of the activities of the Govern- 
ment in nitrogen fixation will be found in Chapter VII. 

A small arc plant was built near Seattle, Wash., by the American 
Nitrogen Products Co., sodium nitrite being the main product of 
the company during the war. 

8. Great Britain. 

Great Britain was without fixation plants during the war. Her 
dependence on imports was a source of constant anxiety and resulted 
in laying the foundation for a direct synthetic plant. A conmiittee, 
called the Nitrogen Products Committee of the Munitions Inventions 
Department, and composed of leading scientists and business men, 
was appointed to study the problem and advise the Government. 
This committee made a very thorough investigation, and in its final 
report made this recommendation : 



«*, 



*As a minimum provision for safeguarding the future and for meeting a por- 
tion of the growing home demand for various nitrogen products the establish- 
ment In Great Britain without delay, either by private enterprise (supported, 
if necessary, by the Government) or as a public work, of a cyanamide plant 
with a nitrogen capacity of 12,000 tons per year,** 
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During the first 10 months of 1918 Great Britain imported 58d,000 
short tons of Chilean nitrate, an amount four times as great as for a 
similar period before the war. In order to conserve the supply of 
Ditrate the nitrate used in agriculture was almost entirely replaced by 
sulphate of ammonia. 

4. France. 

The French war program called for the construction of enough 
cyanamide plants to furnish nitrates in sufficient amount to replace 
Chilean nitrate in all her muniticms fad^ries. This program had 
not been completed at the time of the armistice, but a considerable 
part of the work had been done toward increasing the country's pre- 
war capacity of about 2,000 metric tons of fixed nitrogen up to 
60,000 metric tons per year. Six large ammonia oxidation plants 
were built, or were under construction at the time of the armistice, 
for converting part of the ammonia produced at the cyanamide plants 
into nitric acid. All of the oxidation plants were owned by the 
Government, as were two of the cyanamide plants, and the other 
seven cyanamide plants received liberal Government assistance. 
Although these plants were producing considerable fixed nitrogen 
at the time of the armistice, Chilean nitrate was still being imported 
at about the pre-war rate, and consumption was just about equal to 
combined production and imports. During the war feeling in France 
was very strongly in favor of continuing the nitrate program after 
the war by placing a tariff upon imports of nitrate of soda sufficient 
to cover the difference in cost between it and synthetic nitrates from 
the French factories. During the first 10 months of 1918, the imports 
of Chilean nitrate into France amounted to 340,000 short tons. 

5. Japan. 

In Japan the cyanamide capacity was doubled and steps were 
taken toward the installation of a synthetic plant. Japan had been 
the leading importers of ammonium sulphate before the war, and 
when this source of supply was cut off by the demand for the sul- 
phate in the producing countries it left the domestic producers in an 
unusually favorable position, especially since sulphate is a very 
popular form of nitrogenous fertilizer in Japan. 

6. Italy. 

In Italy the industry received no Government assistance in financ- 
ing expansion. However, the business was profitable during the 
war and grew from a capacity of 7,000 metric tons of nitrogen per 
year before the war to about 20,000 metric tons of nitrogen after 
the war. Nearly all of the capacity built during the war used the 
cyanamide process. During the first 10 months of 1918 Italy im- 
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ported 94,526 short tons of Chilean nitrate, which is considerably 
in excess of pre-war consumption. 

7. Norway, Sweden, and Switzerland. 

The nitrogen fixation business was especially prosperous in Nor- 
way during the war. At the great arc process plants there was still 
opportunity for enlargement of the power plants. This was done 
and the capacity of the arc plants doubled. The cyanamide ca- 
pacity of all these countries was increased, the total increase in 
capacity amounting to about 6,000 metric tons of nitrogen per year. 

C. HISTORY SINCE THE WAR AND PRESENT STATUS. 

Since the war the disturbed condition of the world's commerce and 
finance has made progress in all lines of industry erratic and un- 
certain. However, the nitrogen fixation industry has stood the try- 
ing times very well and is progressing along certain lines as indi- 
cated below: 

1. Development of direct-synthetic processes in the United States 
and England, and of the Claude process in France. 

2. Development Wvork on new processes, as, for example, the 
Mehner process, at the Skoda Works in Austria. 

3. Efforts to use war plants for fertilizer production, especially 
in the United States and France. 

1. Germany. 

The nitrogen industry has probably fared better in Germany than 
in any other country since the war. A combination of all the in- 
terests producing nitrogen products has functioned successfully and 
has kept the various interests — direct synthetic, cyanamide, and by- 
product coke ovens — in harmonious cooperation. According to re- 
cent reports the 1920 production by the different processes was 
about as follows: Ninety thousand metric tons nitrogen by cyana- 
mide process, 270,000 metric tons nitrogen by direct synthetic pro- 
cess, and 100,000 metric tons from the by-product coke ovens. In 
comparing this with the capacity as given in Table IV, i. e., cyana- 
mide 120,000, direct synthetic 300,000, and by-products from coal 
150,000, it must be remembered that a considerable part of the 
cyanamide capacity was built merely for war purposes and for 
various reasons can not meet commercial conditions. The poor 
showing of the by-product coke oven is due to the depressed condi- 
tion of the iron and steel industry which determines the output of 
the coke ovens. It is interesting to note that the output of the di- 
rect synthetic plants as reported is 90 per cent of the maximum ca- 
pacity as given in Table IV. It is reported that aqua ammonia has 
been exported to Scandinavia by tank cars and car ferry for use in 
making ammonium nitrate at the great arc plants. 
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2. United States. 

In the United States the development of the dinect synthetic 
process has been pushed forward energetically since the armistice 
by the General Chemical Co., and since the organization of the 
Allied Chemical Co., by the Atmospheric Nitrogen Corporation, 
which was organized for the purpose of completing the develop- 
ment of the process as started by the General Chemical Co. 

As soon as it was decided that the General Chemical Co. should 
not take over the work at United States Nitrate Plant No. 1, the 
company began the design of a plant in which the errors made at 
United States Nitrate Plant No. 1 should be corrected. This work 
was taken over by the AtmosjAeric Nitrogen Corporation, and the 
first unit of the plant has been built at Syracuse, N. Y. This first 
unit of 10 tons of anmionia per day capacity was put into operation 
in August, 1921, and is reported to be giving excellent results. Al* 
though the plant is not large, so far as nitrogen capacity goes, yet 
it is of great importance bs a key plant from which to expand should 
the process prove to be profitable. Since the product is obtained 
in the form of liquid ammonia, the process has the advantage of 
the differential in price between liquid ammonia, which is used 
directly for refrigeration, and other forms of ammonia. This ad- 
vantage is, of course, limited to the demand for ammonia in the 
anhydrous state. This plant is located at the works of the Solvay 
Process Co., at Syracuse, N. Y., and therefore will be able to benefit 
from any advantage that may come from operating the process in 
connection with the ammonia-soda process. The Atmospheric Nitro- 
gen Corporation is strongly connected with large, well-established 
manufacturers of chemicals. 

The history of the synthetic ammonia plant, called United States 
Nitrate Plant No. 1, will be found in Chapter VII of this report. 
As this plant failed to function and as there is little prospect that 
any governmental attempt will be made to make it capable of pro- 
duction, it need not be counted in figuring the nitrogen fixation 
capacity of the country. 

The big cyanamide plant, called United States Nitrate Plant No. 2, 
is being maintained in stand-by condition by the War Department. 
This plant has a capacity of about 40,000 metric tons of nitrogen per 
year and is fully described in Chapters IV and VII. 

The American Nitrogen Products Co., of Seattle, Wash., owns a 
small arc plant producing as its product sodium nitrite. The capacity 
of this plant is about 300 metric tons of nitrogen per year. 

3. Great Britaui. 

There is only one nitrogen fixation plant of commercial importance 
in Great Britain. This is the Synthetic Ammonia & Nitrates (Ltd.), 
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a company formed by Brunner-Mond & Co. (Ltd.), with a capital 
of £5,000,000, to take over from the Govenmient the plant which haa 
been started by the ministry of munitions at Billingham, Durham. 
During the war there were some experimental plants, but these, it is 
understood, have now been abandoned. 

The Synthetic Ammonia & Nitrates (Ltd.) wes formed in June, 
1920, and their plant thus far is not yet completed. At the time 
the project was taken over from the Government a certain amount 
of preparatory work ijn connection with the building of the factory 
had been accomplished. This work, suspended at the armistice, is 
now being completed by the company whose plans provide for a 
plant with capacity of 100 tons of 100 per cent ammonia per day, 
with provision for expansion to 300 tons per day. This company 
occupies a very favorable position in the chemical field because of 
its connection with Brunner-Mond & Co., one of the oldest organized 
chemical companies of Great Britain, and which has long been en- 
gaged in the manufacture of sulphate, carbonate of soda, and soda 
ash. The British Government has made an agreement with the com- 
pany that it is always to be British controlled and has agreed to 
give the company every possible assistance for the purpose of de- 
veloping the process, protecting the company against German inter- 
ference in the development of the process in England. Much can 
be expected from this enterprise entered into under such favorable 
circumstances. 

4. France. 

There has been very little material progress in the industry in 
France since the war. Attempts are still being made to use some of 
the war-created facilities in the establishment of a peace-time in- 
dustry, but present reports are to the effect that none of the fixation 
plants in France are in operation. 

The promoters of the Claude process have been very active in 
perfecting the process and in advertising its advantages, but it will 
take time to tell whether it is superior to the Haber process for large 
installations. There is a movement on foot to enlarge the present 
Toulouse plant with a view to making it the principal plant for 
nitrogen fixation in France, and a study has been made by a com- 
mission to determine whether or not the Haber or the Claude proc- 
ess will be employed. As far as known, no final decision has been 
reached. 

The only arc plant recently operated in France has been closed 
down, due to the expiration of the favorable power contract which 
made its operation possible. It is quite improbable that this plant 
will again operate. 
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5. Japan. 

In Japan rather extensive plans for enlargement of the industry 
were made after the armistice. Among these was a project for the 
establishment of a direct synthetic plant in Japan. However, the 
financial panic which came as a result of the war inflation has made 
necessary the indefinite postponement of these enlargements. It is 
therefore believed that the nitrogen industry in Japan is very much 
as it was at the time of the armistice. 

In certain reports the capacity of Japan for the production of 
nitrogen compounds both by fixation and by the by-product coking 
of coal seems to have been greatly exaggerated. In his testimony 
before the Senate Committee on Agriculture and Forestry Doctor 
White gives the maximum capacity of Japan for the production of 
fixed atmospheric nitrogen as 20,000 metric tons per year. The 
American Fertilizer Handbook for 1919 gives Japan's production of 
sulphate of ammonia as about 2,000 tons per year. S. Kuroda gives 
the by-product ammonium sulphate production of Japan for 1917 
as 14,000 tons. He gives the cyanamide production in 1917 as 50,000 
tons and says that the cyanamide is the only nitrogen fixation proc- 
ess used in Japan. Reports have been noted giving the Japanese 
production of ammonium sulphate as high as 100,000 tons per year, 
but this is believed to be much too high and probably refers to the 
amount consumed and so includes imports as well as domestic pro- 
duction. Taking the iron and steel production as a basis for an 
estimate, it seems quite improbable that the by-product ammonium 
sulphate production could exceed 25,000 tons per year, assuming 
that all the coke is made in by-product ovens. A part of the cyan- 
amide production is converted into ammonium sulphate, one com- 
pany having been reported to have made 16,000 metric tons by this 
method in 1919. 

6. Italy. 

Italy has a prosperous and well-established fixation industry con- 
sisting of four active cyanamide plants, two arc plants, and one small 
synthetic ammonia plant. There is a good market for the products 
in Italy, and production has been maintained at a very fair proportion 
of the capacity of the plants even since the war, when the country 
has been in a distracted condition industrially. Present reports to the 
effect that the industry is seriously depressed are believed to refer 
to a temporary condition. 

The Italian Government has afforded no support to these indus- 
tries, either directly in the shape of subsidies or loans, or indirectly 
through mitigation of the burdens of taxation or the imposition of a 
protective tariff. 
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The following plants have been established in Italy for the manu- 
facture of nitrogen products : ^ 

1. Society Italiana Carburo di Calcio, Temi, Umbria. 

2. Societa Agroria di Domodessela, Domodessela. 

3. Societa Piemontese Carburo di Calcio, S. Mucel, Vald, Aosta. 

4. SocietJt Italiana Industriale, Asceli Piceno, Nocerata. 

5. Dott, Rossi, Officine Elettrochimiche, Legnano. 

Dott, Rossi, Officine Elettrochimiche, Ponto Mammelo, Rome. 

6. Society, Idros, Terni, Umbria. 

Of these plants the first four use the cyanamide process and are 
owned by the Societa Italiana per la Fabbricazione di Prodotti Azo- 
tati, with its main business office at 66, via Due Mocelli, Rome. 

The yearly capacity of these cyanamide plants, when running full 
capacity, is stated to be as follows: 

The plant at — Metric tons. 
Terni 45,000 

Domodessela 15,000 

S. Marcel 5, 000 

Arceli Piceno 8, 000 

The two plants listed under No. 5 in the above list are arc plants. 
They are equipped for making nitric acid, sodium nitrate, and potas- 
sium nitrate. They are both of rather small capacity, details of 
which are lacking. 

The plant listed under No. 6 is a modification of the Haber process. 
It has a capacity of only a few hundred pounds of anhydrous am- 
monia per day, but is said to operate economically and profitably in 
the production of liquid ammonia for refrigeration, and enlargements 
are in progress. One of the novel features of this plant is the use 
of electrolytic hydrogen. 

7. Norway and Sweden. 

The activities in nitrogen fixation in Scandinavia since the war 
have been mainly along the line of readjustment to new market 
conditions. The war demands of the Allies had made the business 
very profitable during the war, and since the war systematic efforts 
are being made to use the installed capacity for peace-time products. 
It is reported that during the early part of 1921 none of the cyana- 
mide plants were in operation. Ammonium nitrate is one of the 
staple products of the arc plants which have been in operation, but 
it is reported that ammonia has been purchased from Germany for 
this purpose in preference to producing it at the domestic cyanamide 
plants. The estimated cost of power is about $4 per kilowatt year. 
The very low cost of power has given the arc process a foothold here 
such as it has found in no other part of the world. It is reported 
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that production has gained on consumption during 1921, so that 
stocks of nitrate of lime and nitrate of ammonia have become rather 
large. This is due to falling off of demand due to general economic 
depression in the consuming countries. 

8. Canada. 

The only cyanamide plant in Canada is that of the American 
Cyanamid Co. at Niagara Falls. This plant has been in operation 
for over 10 years and has a capacity for about 12,000 metric tons of 
nitrogen per year. Almost the whole output of the plant is mar- 
keted in the United States, a part of it being converted into ammo- 
nium phosphate at the Ammo-Phos Works of the American Cyan- 
amid Co. on Staten Island Sound, N. J. 

The American Nitrogen Products Co., in addition to its plant 
in Washington State, owns a small arc process plant in British 
Columbia. It is understood that the company uses off-peak hydro- 
electric power. 

9. Holland. 

The fixation of nitrogen is only in its infancy in Holland. The 
first plant was built in 1918 as a result of the shortage of nitrogenous 
materials brought about by the war. It was built by private enter- 
prise, but received some assistance from the Government. 

It is reported that the Bucher process is used ; that the plant has 
a capacity for the fixation of 2,500 metric tons of nitrogen per year, 
and that ammonium sulphate is produced. During the early his- 
tory of the plant's operation the Government purchased the product, 
but since 1919 the company has been selling in the commercial market. 

Although this plant was built as a result of acute war conditions, 
yet it was the intention that it should be continued after the war. 
Steam power is used, Holland having no water power. Information 
is lacking concerning the more recent activities of this plant. 

10. Austria. 

The main items of interest in nitrogen fixation in Austria since 
the war is the work which has been done on the Mehner process at the 
Skoda works. This process is a form of cyanide process and is novel 
in that it depends upon the circulation of molten iron for the main- 
tenance of the temperature. No noteworthy changes in the pro- 
ducing capacity of the industry have been reported. 

11. Switzerland. 

In Switzerland the activities of the industry since the war have 
been mainly along the line of readjustment to peace conditions with 
greatly reduced production. Some of the manufacturers discon- 
tinued production entirely at the end of the war while most of them 
continued operation on a reduced scale. 
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12. R4sum^ for 1921. 

While some of the best authorities estimate that the present nitro- 
gen fixation capacity of the world is no greater than it would have 
been had there been no war, yet it is a fact that development has in 
some cases been quite different from what might have been expected 
had peace continued. Plants which have been built for the war 
emergency only may not be able to meet peace-time competition and 
should not be included in the substantial development since 1913. 

Details of the present installations and present capacity, together 
with, estimated commercial capacity, are given in Table II. By 
commercial capacity is understood such capacity for production as 
can be used in peace time for supplying the ordinary demand for 
nitrogen, and is used to differentiate from capacity usable only in 
time of war. The figures for commercial capacity were obtained by 
making deductions for plants believed to be unable to meet peace- 
time competition because of unfavorable location, or power condi- 
tions, or for other reasons. These figures are at the best only ap- 
proximate, but they show the trend of the industry, and are given 
for that purpose. It is too early to say which of the war-created 
l)lants will be continued as a part of the world's peace-time industry. 
This can be determined only by the slow but sure application of the 
law of the survival of the fittest. 

Table II. 



Country. 



Germany 

United States 

Total 

Germany 

Austria 

France 

Norway and Sweden 

Italy 

Switzerland 

Canada 

Japan 

tJnlted States 

Total 

France 

Norway and Sweden 

Italy 

Canada 

United States 

Holland 

Total 



Number 

of 
plants. 



2 

2 



7 
2 
9 
3 
5 
3 
1 
4 
1 



35 



2 
2 
2 
1 
1 
1 



9 



Process. 



Direct-synthetic. 
.....do... 



Cyanamide. 

do 

do 

do 

do 

do 

do 

do 

do 



Arc and miscellaneous. 
do 



.do. 
.do. 
.do. 
.do. 



Estimated 
maximum 

capacity, 
metric tons 

nitrogen. 



300,000 
11,600 



311,600 



Estimated 
commercial 

capacity, 
metric tons 

nitrogen. 



120,000 
22,000 
58,000 
28,000 
18,000 
7,000 
12,000 
20,000 
40,000 



325,000 



1,300 
30,000 

1,200 
800 
300 

2,500 



36,100 



300,000 
3,600 



303,600 



93,000 
2S^O00 
40,000 
28,000 
12L000 
7,000 
12,000 
12,000 
40,000 



266,000 



None. 

30,000 

1,200 

800 

300 

2,500 



34,800 



The estimated commercial capacity amounts to 604,400 metric 
tons of nitrogen per year. This corresponds with 85,000 tons in 
1913, and is more than seven times as great as the 1913 capacity. 
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During the period 1913 to 1921, the arc process barely doubled, the 
cyanamide increased from 60,000 to 266,000 tons of nitrogen, and the 
direct-synthetic process increased from 7,000 to 303,600 tons of 
nitrogen per year. The capacity of all other processes is so small 
as to be almost negligible. 

Statistics are not yet available on the actual production for the 
vear 1920. However, it is quite certain that the 1^0 production 
"fell short of the estimated commercial capacity by a wide margin, 
due mainly to idle plants in the United States and France. 

Table III gives the world's production of fixed inorganic nitrogen. 
Actual production is given for 1909, 1913, and 1917, but the figures 
for 1921 refcir to maximum capacity for production and not to actual 
production. In this table no account is taken of organic nitrogen 
such as occurs in cottonseed meal, blood, tankage, etc. Although 
such organic materials are important in agriculture and in this field 
are interchangeable with the inorganic materials, they are by-prod- 
ucts of other industries and so are limited in supply. Organic nitro- 
gen is not available for use in the manufacture of munitions or for 
many other industrial purposes. The relation of these materials to 
the demand and supply of nitrogen has been covered in detail in 
Chapter II. 

Table III. — World^s production of fixed inorgarUc nitrogen, 

[Expressed in metric tons of nltrc^ien.] 



Chilean nitrate 

By-product ammonia 

Atmospheric nitrogen: 

Cvanamide process 

Haber process 

Are and miscellaneous processes. 



Total. 



1909 



300,000 
212,000 

2,500 



3,000 



517, 600 



1013 



390,000 
343,000 

60,000 

7,000 

18,000 



818,000 



1917 



392,000 
304)000 

200,000 

110,000 

30,000 



1,096,000 



19211 



500,000 
423,000 

325^000 

311,600 

36,100 



1,505^700 



^ Estimated Tnaximum possible production . 

From this table we find that only 1 per cent of the world's supply 
of inorganic nitrogen came from the air in 1909; it had increased 
to 10 per cent in 1913, and to 33 per cent in 1917 ; and that in 1921, 
42 per cent of the total capacity for the production of inorganic 
nitrogen was atmospheric nitrogen fixation. Present indications are 
that the actual 1921 production will fall short of the figures given 
under 1921 which refer to total capacity. It seems quite likely that 
the production of Chilean nitrate and by-product ammonia will also 
fall short of maximum capacity in about the same ratio as produc- 
tion of atmospheric nitrogen, in which case 42 per cent of the actual 
production will be from the air. 
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Table IV shows the relative position of the countries of the world 
in domestic nitrogen resources, taking into account the population. 
The figures for nitrogen capacity are those for the maximum esti- 
mated capacity for 1921. The population figures were taken from 
an atlas in 1920 and have not been corrected for the 1919 census, 
since more recent figures on the population of foreign countries are 
not available. This table shows Germany and Scandinavia easily 
in the lead, with Great Britain, Canada, France, Switzerland, and 
the United States in about the same class, but with the United States 
at the foot of the class, and Austria and Italy in the lowest places 
on the list. Even with the large increase in nitrogen capacity brought 
about by the war, Germany and Scandinavia are still the only world 
powers really independent in their nitrogen supply. 

Table IV. — Domestic sources of inorganic fixed nitrogen (maximum) in 1921. 

[Expressed in metric tons of nitrogen.] 



Countries. 



Germany 

Norway and Sweden . 

Great Britain 

Canada 

France 

Switzerland 

United states 

Austria 

Italy 

other countries 



Total. 



Population 

from 
1920 atlas. 



65,000,000 
8,000,000 

45,000,000 
7,200,000 

40,000,000 

3,800,000 

103,500,000 

51,000,000 

35,000,000 



By- 
products 
from 
coal. 



150,000 



100,000 

3,000 

15,000 



115,000 

10.000 

3,000 

27,000 

423,000 



Atmospheric nitrogen. 



Arc. 



30,000 



800 
1,300 



300 



1,200 
2,500 

36,100 



C^ina- 
mide. 



120,000 
28,000 



12,000 
58,000 
7,000 
40,000 
22,000 
18,000 
20,000 

325,000 



Haber. 



300,000 



11,600 



311,600 



Total. 



670,000 
58,000 

100,000 

15,800 

74,300 

7,000 

166,900 
32,000 
22,200 
49,500 

1,095,700 



Tons 
nitrogen 

per 
miUion 
popula- 
tion. 



8,760 
7,250 
2,240 
2,200 
1,850 

i,m 

1,610 
630 
690 



CHAPTER IV. 



NITROGEN FIXATION PROCESSES. 

A. CYANAMIDE PROCESS. 

1. Description of Process. v 

The cyanamide process for the fixation of atmospheric nitrogen 
is based on the fact that when gaseous nitrogen, Ng, is passed over cal- 
cium carbide, CaCg heated to an elevated temperature, it combines to 
form calcium cyanamide, CaCNj, essentially as represented by the 
equation 

CaC^+N^^CaCN^+C. 

Before entering on the more detailed description of the cyanamide 
process, its essential features will be very briefly outlined. 

The raw materials for the process are limestone and ^ome form 
of carbon, either charcoal, anthracite coal, or coke, the latter being 
generally used. The nitrogen is ordinarily obtained by the frac- 
tional distillation of liquid air. 

There are three principal steps in the cyanamide process proper — 
the production of calcium carbide, which involves, first, the burn- 
ing of limestone to lime, and then the fusing of the lime with coke 
in an electric furnace; the isolation of nitrogen from the air in a 
rather pure state ; and, finally, the treatment of the finely powdered, 
highly heated carbide with nitrogen, resulting in the fixation of the 
nitrogen. 

The crude product is a grayish black solid containing about 60 per 
cent calcium cyanamide (21 per cent nitrogen) , 20 per cent free lime, 
12 per cent free carbon, and small amounts of iron and aluminum 
oxides, silica, etc. This product is variously termed lime-nitrogen, 
nitrolim, calcium cyanamide, cyanamide, cyanamid, and, in Germany, 
Kalkstickstoff. In this report it will be referred to as cyanamide, or 
where necessary more specific terms, such as calcium cyanamide, 
crude cyanamide, etc., will be employed. 

a. Raw materials, — ^The quality of the raw materials for carbide 
manufacture is of importance not only because the contained impuri- 
ties will appear in the final product but also because certain impuri- 
ties interfere with the smooth operation of the furnace and also in- 
crease the energy requirement.. 

100676'— 22 6 69 



70 REPOBT ON FIXATION AND UTIIJZATION OF NITROGEN. 

The manufacture of carbide for lighting and welding purposes 
has now become practically standardized, and consequently certain 
limitations as to the quantity of impurities which may be present in 
the raw materials have been established. Similar specifications of 
materials for cyanamide^carbide, however, have not been formulated, 
but in general no distinction is drawn between them. It has been 
suggested ^ that raw materials of lower quality may be employed in 
the manufacture of carbide to be used for cyanamide than for light- 
ing and welding purposes. 

The principal impurities in limestone rock are compounds of 
magnesium, silicon, iron, and aluminum. Thfere are frequently pres- 
ent, also, small quantities of phosphorus and sulphur compounds, 
and in some cases clayey material. Bingham ^ gives the following as 
the maximum quantity of impurities permissible in limestone for car- 
bide manufacture: Magnesia, 0.50 per cent; iron and aluminum ox- 
ides, 0.50 per cent; silica, 1 to 1.2 per cent; phosphoric acid (PgOg), 
0.01 per cent; and only traces of sulphur. Such a limestone would 
contain 97 to 98 per cent of calcium carbonate. 

The impurities, ash constituents, contained in coke or anthracite 
coal are essentially the same as in limestone, although the iron and 
sulphur content is very frequently higher. A source of carbon with a 
low ash Is, of course, desirable in keeping the percentage of total im- 
purities as low as possible. 

The influence of various impurities in the raw materials for carbide 
manufacture has been investigated by Bingham ^ and also by Wither- 
spoon.* Magnesium and aluminum compounds decrease the fluidity of 
the carbide, thus interfering with the smooth working of the furnace 
and causing trouble in tapping. Moreover, a greater energy input is 
required for high magnesia limes. The use of a fluorspar flux has 
been suggested as a means of counteracting the effect of magnesia. 
It may be pointed out in this connection that the presence of the 
fluorspar in carbide might also be advantageous if the latter is to be 
nitrified, since the catalytic effect of fluorspar on the nitrification re- 
action is well established. 

The presence of silicon tends to increase the fluidity of the carbide 
and in that respect is beneficial. However, in the presence of iron, 
ferrosilicon is formed, and under certain conditions gives serious fur- 
nace trouble and, moreover, difficulties are also encountered in grind- 
ing carbide containing it. Curbide high in silicon is unsuited for 
acetylene generation, but the silicon appears to have no detrimental 
influence on the formation of calcium cyanamide. 



» Pinal Report N. P. C. P. 114. 

>The Manufacture of Carbide of Calelnm. Raggett & Co., London, 1916. P. 92. 

•Loc. cit, 2. 

« J. Soc. Chem. Ind., 32, 113 (1913). 
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Phosphorus is perhaps the most objectionable element in carbide not 
only for acetylene generation, but also for the production of calcium 
cyanamide which is later to be converted into nitric acid by oxidation 
of ammonia obtained from it. Fortunately, the quantity of phos- 
phorus present in most limestones is so low that very little trouble is 
experienced. The phosphorus, originaUy present as calcium phos- 
phate, is reduced in the furnace to calcium phosphide and appears as 
such in the carbide and later in the cyanamide, where, on treatment 
with water, phosphine is formed. The presence of even exceediiigly 
small quantities of phosphine in the ammonia-air mixture appears to 
materially reduce the oxidizing efficiency of a platinum gauze catalyst. 

While large amounts of sulphur in carbide are objectionable, it ap- 
pears to be much less injurious to platinum gauze catalysts than is 
phosphorus. 

In connection with the preceding statements as to the quality of 
limestone required, the data obtained during the trial run of United 
States Nitrate Plant No. 2 are of interest. The quality of limestone 
used at this plant is shown in the following analysis, which is the 
average for 145 carloads of stone : 

Per cent. 

Calcium carbonate 96. 41 

Magnesium carbonate 2. 37 

Silica 0. 77 

Iron and aluminum oxides 0.45 

It will be noted that the magnesium carbonate content is very much 
higher than the limit of 1.07 per cent (0.50 per cent MgO) set by 
Bingham. No particular difficulties in carbide furnace operation 
were encountered and a comparatively high furnace efficiency was 
obtained, as will be discussed later. 

&. Limestone burning, -^The conversion of limestone into lime is 
a necessary preliminary step in the production of carbide since the 
direct use of limestone in the electric furnace has not in general 
proven to be economical. This conversion is effected by heating the 
partially crushed rock to a temperature of about 1,100° C. until 
practically all' of the carbon dioxide has been evolved. The chem- 
ical change occurring in the burning of limestone (calcium car- 
bonate) to lime and carbon dioxide is represented by the equation; 

CaC03=CaO+CO,. 

The process may be carried out either in vertical or in rotary kilns, 
but the latter are preferred for burning lime which is to be used for 
carbide manufacture because of the uniformity of product obtained.*^ 
The limestone rock is charged into the upper end of the slightly 
inclined and slowly rotating kiln, while the fuel, which may be either 

"The Manufacture of Lime for Chemical and Metallurgical Purposes. Richard K. 
Meade. Cbem. and Met Eng., vol. 23, pp. 841, 873, 929. (1920.) 
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powdered coal, oil, or gas, is introduced through a burner at the 
lower end. The rock is gradually decomposed in its very slow move- 
ment down the kiln and the liberated carbon dioxide is swept out 
with the furnace gases. The burnt lime issues from the discharge 
end of the kiln at about 1,100° C. and passes through coolers, which 
are similar in construction to the limekilns, but smaller and unlined, 
where its temperature drops to 200° to 150° C. The lime is then 
discharged into conveyors which transfer it to storage bins. 

The choice of fuel for lime burning is very largely determined 
by economic considerations. There are cases, however, where the 
ash from coal would be objectionable, since some 40 per cent of it 
would appear in the lime. Although coal ash is not particularly 
objectionable in cyanamide«carbide, a coal with relatively high ash 
very frequently leads to the formation of rings of semivitrified ma- 
terial in limekilns which obstruct the passage of the material. 
Their removal necessitates a shut down, resulting not only in a lower- 
ing of the kiln efficiency but also in injury to the kiln lining due to 
the large and relatively rapid temperature changes. 

Meade ^ has estimated the fuel requirement for burning limestone 
as being from 2,800 to 3,500 B. t. u. per pound of lime or 400 to 500 
pounds of coal, 37 to 45 gallons of oil, or 5,000 to 6,000 cubic feet of 
natural gas per ton of lime. Approximately 40 per cent of the total 
heat supplied to the kilns is lost as sensible heat of the exhaust gases, 
of which about 75 per cent could be recovered by the use of waste- 
heat boilers. Of the remaining 60 per cent of the heat supplied, 
about 54 per cent is used in the decomposition of the limestone and 
6 per cent is radiated from the kiln shell. 

The fuel consumption in burning limestone at United States 
Nitrate Plant No. 2 was higher than given by Meade. At this plant 
the limestone was burned in coal-fired rotary kilns, 8 by 125 feet, 
having a rated capacity of 100 tons of lime per 24 hours. During 
a 14-day run approximately 3.3 pounds of lime were burned per 
pound of coal, corresponding to about 600 pounds of coal per ton of 
lime. The coal used was high in ash, causing occasional shut downs 
due to ring formation. This, together with the fact that the kilns 
were new, undoubtedly accounts for the higher fuel consumption. 

c. Lime -fines. — The formation of lime fines, or powder, is a very 
serious factor in burning lime for carbide production. For the lat- 
ter purpose it is preferable to have lime in the form of lumps about 
1 inch in diameter, although any material over one-fourth inch is 
generally used. The fines prevent the free escape of the very large 
quantities of carbon monoxide gas produced in carbide formation, 

•Loc. cit, p. 71. 



EEPORT ON FIXATION AND UTILIZATION OF NITBOGBN. 73 

which may result in serious explosions, and furthermore the dust is 
very objectionable to the furnace operators. 

That most of the fining takes place in the lime coolers is shown by 
tests carried at United States Nitrate Plant No. 2. The following 
figures, tlie result of screen analyses made during the test, illustrate 
this point : 



Through Hncih screen . 
Throu^ i-inch screen . 



Raw 
stone. 



Pn cerU. 

11.0 

2.4 



After 
kiln. 



Per cent. 

17.1 

9.3 



After 
cooler. 



Per cent. 
41.0 
26.6 



Further fining takes place in the conveyors and elevators which 
move the lime to the carbide furnaces. It was estimated that the 
over-all loss of lime by fining during the operations at the United 
States Nitrate Plant No. 2 amounted to 25 to 30 per cent of the total, 
assuming that all material passing through one-fourth-inch screen 
was lost. 

The utilization of such large quantities of lime fines as would be 
produced at United States Nitrate Plant No. 2, for example, when 
operating at capacity is a serious problem unless a large, local 
market for building or agricultural lime is available. If a sufficiently 
cheap binder, such as coal-tar pitch, were available the briquetting 
of the fines for use in the carbide furnaces would probably be the 
most satisfactory solution of the problem. 

As to the form and quality of carbon for the manufacture of 
carbide, it may be said that a nondusting material high in fixed 
carbon and low in ash is desirable. Charcoal, anthracite coal, and 
coke have been used. The use of charcoal hg^s been practically dis- 
continued, due mainly to the fact that a sufficient quantity can not 
be obtained at as low a cost as coal or coke. It is interesting to note 
in this connection that it is proposed to use charcoal for the manu- 
facture of carbide at the cyanamide plant near Marignac, France. In 
this case the charcoal is a by-product in the distillation of waste 
wood and can presumably be obtained at a low cost. The objections 
to charcoal are that it usually contains only about 56 per cent fixed 
carbon, that it is extremely light and brittle, resulting in large losses 
in the form of dust, and that, according to Bingham,* it entails a 
high electrode consumption. On the other hand, the output is higher 
than with coal or coke and a higher quality of carbide can be ob- 
tained. 

Coke for the manufacture of carbide should preferably be about 
three-fourths inch in size, soft burned as distinguished from metal- 

*Loc. cit., p. 70. 



lurgical coke, not over 6 to 6 per cent in ash, and not over 0.6 per 
cent moisture. 

The choice between anthracite coal and coke for carbide manu- 
facture is largely determined by cost considerations. In this country 
coke is very largely used. 

d. Formation of carbide, — Calcium carbide is formed by fusion of 
a charge of lime and carbon in an electric furnace, the reaction being 
essentially as expressed by the equation : 

CaO+3C=CaC2+CO~121,150 cals.« 

It will be noted from this equation that an exceedingly large 
quantity of energy is absorbed in the formation of calcium carbide. 
It is this fact which makes necessary a very cheap source of power 
for the economical fixation of nitrogen by the cyanamide process. 

It is also seen from the equation that a very large quantity of 
carbon monoxide is formed in the process, amounting for pure 
materials, for example, to 30 per cent of the weight of the charge. 
Since the heating value of carbon monoxide is about 4,380 B.t.u. 
per pound the possibility of utilizing this energy as a means of 
decreasing the power costs as a whole is an attractive one. A 
calculation shows that the energy of combustion of carbon monoxide 
produced in the reaction is equivalent to about 30 per cent of the 
energy required for carbide formation. 

The use of carbon monoxide from carbide furnaces has been sug- 
gested for burning limestone.^ Only a small percentage of the total 
quantity of gas would be required for this purpose, however. 

In general no attempt is made to utilize either the combustion 
value of the carbon monoxide coming from the furnaces or its 
sensible heat. The chief obstacle would be that changes in furnace 
construction would be necessary which would greatly complicate 
the operation. The problem is such an important one, however, that 
a satisfactory solution should be found. . . 

For the formation of carbide in accordance with the preceding 
equation, 10 parts of lime are required to 6.4 parts of carbon. In 
practice, however, an excess of lime is used to reduce the operating 
temperature of the furnace by lowering the melting point, which has 
the incidental advantage of facilitating the tapping of the furnace. 
The proportions are usually about 10 parts of lime to 5.8 parts of 
coke which contains approximately 85 per cent of fixed carbon. 

The carbide furnaces are usually rectangular-shaped pits, with 
the upper edge flush with the main, or charging, floor of the furnace 
room. The walls and bottom are generally made of refractory brick 

and have a steel shell incasing them. They are placed along the side 

'' " * " ■-■ " '■■■ " — ■ — — — ^— 

•Calculated Heat of Reaction. M. De K. Thompson. Trans. Am. Electrochem. Soc, 
?ol. 16, 202 (1909). 
T Final Report of Nitrogen Products Committee, p. 262. 
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of the furnace room so that the molten carbide can be tapped off 
through a hole in the side into chill cars on the floor below. 

In large furnaces particularly the masonry walls are protected 
from the intense heat of the furnace and the action of molten carbide 
by a layer of the partially fused charge. The bottom of the furnace 
is usually covered with a deep bed of refractory material, such as 
electrode carbon and coke. The electrodes are suspended above the 
furnace in such a manner that their depth in the charge is auto- 
matically regulated by a solenoid which controls a motor-driven hoist. 

After the furnace has been started the mixed charge of lime and 
coke is shoveled in by hand, gradually increasing the depth of the 
charge. At the very high temperature of the furnace the lime fuses 
and reacts with the carbon to produce molten carbide. The furnace 
is tapped at intervals of about three-quarters of an hour, the time 
depending on the operating conditions, by opening the tap hole with 
a poker or electric needle, thus allowing the molten carbide to run 
into iron chill cars. The furnace should not be drained completely. 

The efficiency of the furnace is dependent to a large degree on the 
skill of the operators. The composition of the charge and the size of 
furnace are also important factors. 

The quality of the carbide can be materially influenced by the tem- 
, perature and by the length of time between tappings, as well as by 
the proportions of lime and coke. The carbide obtained during the 
test run at United States nitrate plant No. 2 contained on an average 
81.6 per cent * CaCg. This was obtained from the limestone pre- 
viously referred to and coke containing 84 per cent fixed carbon and 
about 5 per cent ash. 

The trend in carbide-ftirnace construction is toward very large 
furnaces. At United States Nitrate Plant No. 2, for example, the 
furnace units are 8,300 kv.-a., arc-resistance type, having inside 
dimensions of 22 feet 4 inches by 13 feet by 6 feet deep and a rated 
capacity of 48 tons of carbide per 24 hours. It is understood that 
larger furnaces than these have been installed by the American 
Cyanamid Co. at their plant at Niagara Falls, Canada. 

A comparison of the operating efficiencies of the furnaces at United 
States Nitrate Plant No. 2 with those of other carbide installations on 
which data are available indicates that these furnaces are somewhat 
in advance of those formerly used in carbide manufacture. It is 
very probable, however, that the maximum efficiency of the furnaces 
was not reached during the comparatively short test period. The 
power consumption per short ton of 81.6 per cent carbide was 2,962 
kw.-hr., which corresponds to 3,630 kw.-hr. per ton of 100 per cent 
carbide. 

e. Grinding of carbide. — ^It is necessary to grind carbide to a very 
fine powder, at least 85 per cent through 200-mesh screen, before it is 
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nitrified. For this degree of fineness the grinding operation is usually 
carried out in three stages. At United States Nitrate Plant No. 2, 
for example, the carbide, after cooling in the chill cars for 36 to 48 
hours, is dumped onto a breaking platform, whereby it breaks into 
lumps of suitable size to enter a 30 by 42 inch jaw crusher, where it 
is reduced to 2-inch lumps or less. It is then ground in a ball mill 
until all of it passes a 10-mesh screen and about 90 per cent passes 
a 20-mesh screen. The final grinding is carried out in a tube mill, 
85 per cent or more of the product passing through a 200-mesh screer^. 

In case a catalyst is used for nitrification, it is usually added to tue 
carbide entering the tube mill. In this way a very intimate mixture 
is obtained. 

Since carbide in a fine state of division readily reacts with the 
moisture of the air to generate acetylene gas, which forms explosive 
mixtures with oxygen, it is necessary to carry out all grinding and 
conveying of the carbide after it leaves the crushers in an atmos- 
phere of nitrogen. Before starting the mills and conveyors there- 
fore the air is swept out by nitrogen until the oxygen and acetylene 
percentages do not exceed 2 per cent and 1 per cent respectively. 
Frequently analyses for these two gases are made during operation. 

/. Prodicction of pure nitrogen. — Practically pure nitrogen, about 
99.8 per cent, is necessary for the nitrification of calcium carbide. 
Nitrogen can be most economically produced in that state of purity 
by the liquefaction of air and subsequent distillation. Due to the 
highly developed state of gas-liquefaction processes the cost of nitro- 
gen production forms a relatively unimportant part of the total 
cost of nitrogen fixation. 

The supply of nitrogen is practically unlimited since this gas con- 
stitutes about 75 per cent by weight of the atmosphere. It has been 
calculated, for example, that the air. over a single square mile of the 
earth's surface contains about 20,000,000 tons of nitrogen, which is 
thirty times the present yearly nitrogen fixation capacity of the 
world, and about fifteen times the present yearly consumption of the 
world. 

In addition to nitrogen, which constitutes 75.5 per cent by weight 
and 78 per cent by volume, the principal gases and their respective 
percentages by weight and by volume are : Oxygen, 23.2 and 21 per 
cent; argon, 1.3 and 0.94 per cent; carbon dioxide, 0.04 and 0.03 per 
cent; and variable amounts of water vapor, depending on the tem- 
perature. Helium and neon are also present in the atmosphere to 
the extent of 0.001 and 0.002 per cent by volume, respectively, but 
due to their low boiling points — 268.7° and 243° C. — they are not con- 
densed in the production of nitrogen. Oxygen, carbon dioxide, and 
water vapor must be practic^^Uy eliminated from the nitrogen which 
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is to be used for carbide nitrification. ' Argon,. being an inert gas, 
has no deleterious effect. 

The basis of the method of separating air into its constituents was 
first suggested by Parkinson ® in 1892 and depends on the difference 
of boiling points of liquid oxygen and nitrogian, these values being 
—182,5° and — 195.6° C, respectively, at a pressure of 1 atmosphere. 
The simple distillation of liquid air does not affect a satisfactory 
separation, however, and it was not until in 1902, when Linde em- 
ployed the principle of rectification, that the process became of com- 
mercial importance. 

In liquefying air, use is made of the principle that when a com- 
pressed gas such as oxygen or nitrogen, or a mixture such as air, is 
allowed to expand, one obtains a marked cooling due to the Joule- 
Thomson effect, plus the effect due to any external work which the 
expanding gas is made to perform. For example, when air at 100 
atmospheres pressure and ordinary temperature is allowed to expand 
freely down to 1 atmosphere the drop in temperature is about 25° C. 
However, since the boiling point of liquid air is — 193 C. at a 
pressure of 1 atmosphere, it is seen that spontaneous liquefaction 
of air by simple expansion is not practicable. In actual practice, 
therefore, use is made of a heat interchanger, a device in which 
the cold, expanded gases are made to pass out around the tube con- 
taining the ingoing, compressed air and thereby decreases the tem- 
perature of the latter. With properly constructed apparatus the 
cumulative cooling effects obtained in this manner result in lique- 
faction of the air. 

Two general types of air-liquefying process have been developed, 
both based on the principles mentioned above, but differing in the 
method of expansion. 

In the Linde process, the gas is compressed to 200 atmospheres and 
expended by simple outflow, thus making use only of the Joule- 
Thomson effect. In the Claude process, the liquefaction of air is 
effected by expai^ding the gas in an ordinary compressed air motor, 
thus obtaining a cooling effect due to external work as well as to 
Joule-Thomson effect. This process has the advantages over the 
Linde process in that pressures only up to about 30 atmospheres need 
be employed and only a short time is required to reach the liquefaction 
temperature. It is for these reasons that it is rapidly gaining in 
favor for large installations and is the one installed at United States 
Nitrate Plant No. 2. 

•InduBtrial Gases. D. Appleton & Co., New York. P. 11. (1916.) 
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The liquefaction and rectification apparatus installed at United 
States Nitrate Plant No. 2 is shown in Figure 2. The temperatures 
and pressures noted on the drawing correspond to an actual test run 
on this apparatus. Valves, gauges, and other pieces of apparatus 
are numbered in accordance with the following tabulation. A study 
of this tabulation will greatly assist in obtaining an understanding 
of the operation. 

1. Control valve of air entering exchanger. 

2. Gauge for the pressure of the compressed air supplied to the apparatus. 
8. Valve for inverting the compressed-air circulation in the exchanger. 

4. Valve for inverting the oxygen and nitrogen circulation in the exchanger. 

5. Valve for inverting the compressed air at the exit from the exchanger. 

6. Exchanger for cooling the incoming air. 
6a. Drain valve for purge bottle of exchanger. 

7. Exchanger for cooling the incoming air. 

7a. Drain valve for purge bottle of exchanger. 

8. Gauge for the pressure of the compressed air at the expansion engine 
inlet. 

9. Control valve for the expansion engine. 

10. Expansion engine for cooling air by external work. 

11. Liquefier for liquefaction of air. 
11a. Drain valve for the liquefier. 

12. Valve for throttling the liquid-air supply to same pressure as engine 
exhaust. 

13. Lowest compartment of rectifying column. 

13a. Drain valve for lowest compartment of rectifying column. 
13b. Water level for the liquid rich in oxygen. 

13c. Gauge for the back pressure in the lowest compartment of rectifying 
column. 

14. Vaporizer tubes for liquefaction of air. 
14a. Drain valve for bottom of vaporizer. 

14b. Drain valve for second compartment in rectifying column. 
14c. Mercury level of the vaporizer. 
14d. Oxygen pressure gauge. 

15. Valve for controlling the upflow of the liquid rich in oxygen. 

16. Valve for tbe outlet of the impure oxgen gas. 
16a. Cock for sampling waste oxygen. 

17. Coil submerged in cooling liquid for liquefaction of nitrogen. 

17a. Cock for testing the purity of nitrogen leaving the vaporizer and going 
to the condensing coil. 

18. Inlet to the rectifying colunm of the liquid rich in oxygen. 

19. Valve to control the flow of liquid nitrogen to the top of the column. 

20. Top of the rectifying column. 

20a. Water level for the liquid poor in oxygen. 
20b. Nitrogen pressure gauge. 
20c. Cock for the nitrogen test 
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Use is made of air which has first passed through caustic soda 
towers to remove the carbon dioxide, and then through separators 
for the removal of caustic soda spray. This air is then compressed 
to 31 atmospheres, cooled in an aftercooler to the temperature of the 
cooling water available, and then enters through valve 1 into the 
space around the tubes of the first of the two heat interchangers, 
which are connected in series. It enters the first exchanger at the 
bottom of the jacket and passed upward to the top, and then inters 
the second exchanger at the bottom. Its temperature decreases pro- 
gressively through interchange of heat with a downward flow of cold 
escaping gas, in the opposite direction to the flow of incoming air. 

The cooling is accompanied by a partial condensation of the 
moisture in the air, the water dripping down and collecting in the 
purging bottle, while that part of the moisture which escapes con- 
densation, together with any carbon dioxide left in the air, is de- 
posited as snow on the surface of the tubes. Since the two exchang- 
ers are connected in series, most of the deposition of snow or solid 
carbon dioxide occurs in the second exchanger. When this depo- 
sition becomes serious the valves are thrown so as to reverse the 
order in which the two exchangers are connected, thus thawing out 
the one which was originally the cooler of the two. 

The cold air from the top of the second exchanger passes to the 
expansion engine and liquefier, which are connected in parallel. 
About four-fifths of the air passes through the expansion engine and 
about one-fifth through the liquefiers. The temperature of the air 
entering the expansion engine is about —108^ and its temperature 
drops to -—145^ because of the work which it performs in the engine. 
This expansion engine is a simple piston machine equipped with 
valves for air inlet and outlet. The air which enters the liquefier 
is cooled by gases from the rectifying column to a low enough tem- 
perature to liquefy. 

The cold air from the expansion engine and the liquid from the 
liquefier both enter the lowest compartment at the bottom of the 
rectifying column. This compartment is provided with a baffle 
plate to reduce the pulsating effect of the exhaust from the ex- 
pansion engine. A series of vertical tubes (14) called vaporizer 
tubes are connected into this baffle. The tubes are submerged in 
liquid dropped from the shelves of the rectifying column. 

The pressure in the bottom compartment of the rectifying appa- 
ratus is about 3.5 atmospheres, while the pressure in the space sur- 
rounding the tubes of the vaporizer is only 0.29 atmosphere. This 
difference in pressure on the gas leads to a vaporization of the 
liquid surrounding the tubes and a partial liquefaction of the air 
in the tubes. The part of the air liquefied in the tubes drops to the 
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bottom of the vaporizer and is richer in oxygen than the original 
air. This is the so-called principle of " backward return," patented 
by Claude. 

The liquid rich in oxygen which collects at the bottom of the 
vaporizer is led through valve (15) and introduced into the rec- 
tifying column at point (18). The uncondensed gas, which is fairly 
pure nitrogen, is led through the condensing coil (17), which is 
submerged in a colder liquid than that which surrounds the pipes 
(14), sufficiently cold to liquefy nitrogen. The nearly pure liquid 
nitrogen from these coils is introduced through valve (19) into thve 
top of the rectifying column at (20). 

The vapor coming off from the top of the rectifying column is 
better than 99.99 per cent pure nitrogen. It has a temperature of 
about — 190° and passes back through the liquefier, thus assisting 
in lowering the temperature of the original air which is liquefied. 
From the liquefier it then goes out through tubes of the heat 
exchangers. 

The condensing coil (17) for the nearly pure nitrogen is im- 
mersed in a liquid which collects in the rectifying column at a point 
well toward the bottom of the column, where, however, the tempera- 
ture of the liquid is low enough to condense the nitrogen. The 
liquid richest of all in oxygen which leaves the bottom of the recti- 
fying column is that which surrounds the tubes (14) in the vaporizer 
and is evaporated as the original air condenses. This vapor also 
passes up through the liquefier and out through the heat exchangers 
in order to assist in the liquefaction and cooling of the original 
incoming air. 

The total air entering an apparatus such as shown in this figure is 
80,000 cubic feet per hour, of which, in normal operation, 24,000 
cubic feet go through the expansion engine and 6,000 cubic feet 
through the liquefier. Two hundred horsepower are necessary for 
running the air compressors and about 6 horsepower for operating 
the circulating pumps for the carbon dioxide towers. 

There are 30 units installed at Muscle Shoals, requiring a total of 
6,180 horsepower, and they will produce per day of 24 hours 
12,960,000 cubic feet of nitrogen, with a purity of 99.995 per cent, 
and 8,424,000 cubic feet of by-product oxygen of 50 per cent purity. 

The boiling point of argon is —186.1° C, and consequently a part 
of it appears in the nitrogen, but the greater portion remains in the 
oxygen fraction. As previously mentioned, however, it is not objec- 
tionable in the nitrification process. 

Among the by-products which may be obtained in the liquid-air 
process for nitrogen are oxygen, argon, helium, and neon, the first 
two being the more important. The oxygen obtained in this process 
is about 50 per cent pure, since up to the present time it has not been 
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found possible to obtain simultaneously both nitrogen and oxygen 
in a high state of purity from the same equipment. It is stated that 
according to present practice the cost of producing pure oxygen 
from the 50 per cent gas is practically the same as from air. With 
the improvements which are still being made in liquefaction proc- 
esses it appears probable that the simultaneous production of practi- 
cally pure nitrogen and oxygen from the same apparatus may become 
possible. 

There is, as a rule, a ready market for oxygen, the principal in- 
dustrial uses at present being for oxy-hydrogen and oxy-acetylene 
cutting and welding. The extensive use of oxygen in a number of 
metallurgical operations appears to be dependent only on a cheap 
and abundant supply of this gas. It appears also that the by-prod- 
uct, oxygen from nitrogen fixation plants, can be utilized to excellent 
advantage in ammonia oxidation for enriching the air-ammonia mix- 
ture. The sale of by-product oxygen from nitrogen fixation plants 
is frequently limited or entirely prohibited by trade agreements, and 
consequently the oxygen is generally wasted. The* profit from such 
sale, however, would be by no means a negligible factor in reducing 
the operating cost of the fixation process as a whole. 

Practically all of the argon remains in the oxygen fraction and its 
separation from oxygen by chemical means is not very difficult. 
Argon is used to a large extent for filling electric lamp bulbs, and the 
demand for this purpose could, in a large measure, be met by the 
by-product argon from nitrogen fixation plants. 

Helium and neon could be almost completely separated from 
oxygen and argon, and partially separated from nitrogen, by em- 
ploying a second liquefier, from which a gas mixture consisting of 
about 50 per cent helium and neon and 50 per cent nitrogen could 
probably be obtained. The demand for neon is small, being limited 
very largely to the filling of tubes for use in wireless telegraphy and 
certain other electrical equipment. 

Two other processes for the production of nitrogen which were 
used in the early days of the cyanamide industry, but which have 
now been completely displaced by the liquid-air process, may be 
mentioned at this point. The copper process consists essentially in 
passing air through an externally heated tube filled with copper 
turnings, whereby the oxygen combines with the copper, to form cop- 
per oxide, while the residual nitrogen passes through to the nitrifying 
ovens. The oxide is reduced to the metal again by heating it in a 
current of some reducing gas. 

The Caro® process consists in passing producer gas through a 
heated mixture of copper oxide and copper which serves to burn the 
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carbon monoxide and hydrogen to carbon dioxide and water. The 
gas mixture then contains only nitrogen and carbon dioxide, the 
latter being readily scrubbed out by alkali. This process has found 
only limited application. 

g. Nitrification of carbide. — The actual fixation of nitrogen by the 
cyanamide process is accomplished by bringing the practically pure 
nitrogen gas under slight pressure into contact with finely ground 
carbide which has been heated to the reacting temperature, in general, 
about 900 to 1,100° C. Nitrogen reacts with carbide to form calcium 
cyanamide and carbon, essentially as shown by the equation : 

CaC,+N2=CaCN2+C+97,800 cals. 

The nitrification reaction is not fully understood despite the fact 
that the process has been operated since 1906 and that numerous in- 
vestigations on it have been made. From the information available 
it appears that in the average cyanamide plant not over 80 to 85 per 
cent of the carbide charged into the nitrifying ovens is converted into 
calcium cyanamide. The balance of the carbide is very largely de- 
stroyed, since only a small percentage is usually found in the nitri- 
fied product. The cause of this loss and whether it occurs directly 
or indirectly, by decomposition of calcium cyanamide, is not known. 
The presence of oxygen, carbon, dioxide, carbon monoxide, or water 
vapor in the nitrogen will cause decomposition of calcium carbide 
and cyanamide, but it has been observed to occur even with pure 
nitrogen, thus indicating that some other factor — perhaps tempera- 
ture — ^is responsible for it. 

An excessive temperature in the nitrifying material is to be avoided 
since the reversibility of the reaction becomes appreciable above 
about 1,360° C, forming calcium carbide and liberating nitrogen. 

The importance of increasing the efficiency of this step as a means 
of reducing the cost of fixing nitrogen by this process becomes evi- 
dent when it is remembered that practically the entire cost of the 
process — ^perhaps 95 per cent — ^is for materials, power, labor, etc., up 
to and including nitrification. 

It will be observed that unlike the reaction for the formation of 
carbide, the nitrification reaction results in the liberation of heat. 
The heat thus produced is utilized to maintain the carbide charge 
at the reacting temperature. In properly constructed ovens it is 
only necessary to supply sufficient heat to start the reaction in a por- 
tion of the charge. 

The rate of the nitrification reactions is dependent not only on 
the temperature but on the composition of the charge as well. Mois- 
san ^^ found in 1894 that pure calcium carbide would not react with 
nitrogen at temperatures up to 1,200° C. Frank and Caro, however, 

^•Compt. Rend., 118, 601 (1894). 
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used commercial calcium carbide in their preliminary experiments, 
and it was then established that nitrogen could be fixed in this man- 
ner at temperatures considerably below 1,200° C. The rate of nitri- 
fication even at temperatures around 1,100° C. was so slow, however, 
that a large amount of energy had to be supplied to the then rather 
poorly designed ovens to maintain the charge at the reacting tem- 
perature. 

This objectionable feature of the process was overcome by the 
discovery that the addition of certain substances, such as alkali and 
alkaline earth salts, to the carbide resulted not only in increasing 
very greatly the rate of the reaction but at the same time reducing 
the operating temperature. 

The beneficial effects of adding calcium chloride, in particular, was 
pointed out by Polzenius, and a cyanamide plant was operated at 
Westeregeln from 1906 to 1910 under patents covering the use of this 
salt. It was found, for example, that a carbide containing 10 per 
cent of calcium chloride would take up in 12 to 14 hours at 730° C. 
as much as 18 per cent of nitrogen — ^the theoretical quantity being 
22 per cent — ^whereas carbide alone took up less than 1 per cent under 
the same conditions. 

The presence of calcium chloride in the nitrified product is objec- 
tionable, since it absorbs moisture and thus hastens the formation 
of dicyanodiamide. The latter is to be avoided in cyanamide which 
is to be used as fertilizer, because of its well-known deleterious 
action on plant growth. The use of calcium chloride as a catalyst 
for the nitrification reaction has now been discontinued. 

Among other materials which have been used as catalysts for the 
nitrification reaction, calcium fluoride is perhaps the most impor- 
tant. Its use for this purpose was proposed in 1906 by F. Carlson, 
and later patented. While the temperature of the reaction is not 
lowered as much as by the chloride, it has been found that as little as 
2 per cent of the fluoride suffices when intimately mixed with the 
carbide. Moreover, it is not objectionable in the final product, and 
it is said to have less action on the furnace lining than the chloride. 
From the information available it appears that calcium fluoride, 
fluorspar, is now quite generally used. 

Although a number of theories as to the nature of the catalytic 
effect of various added substances on the nitrification reaction have 
been proposed, none of them appear to be entirely consistent with 
the observed facts. 

There are now two general types of ovens in use for the nitrifica- 
tion of carbide. These are known as continuous and discontinuous 
ovens. The latter is perhaps the more common one, and is the typ€ 
installed at United States Nitrate Plant No, 2, Since the ovens at 
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this plant are quite typical of the discontinuous type, they will be 
briefly described, together with the method of operation. 

The ovens are cylindrical in shape and consist of an outer steel 
shell supported on a reinforced concrete disk. The shell is lined 
with 5 inches of infusorial earth and 5 inches of fire brick, leaving 
an oven cavity of about 3 feet in diameter and 5 feet in depth. The 
bottom is covered with sil-o-cel, over which is placed fire brick. The 
over has a double cover ; the inner one consists of a hollow iron disk 
filled with infusorial earth, and having a 5-inch opening in the center ; 
the outer one is of sheet steel, belled to form a sand seal on the top 
of the furnace. Nitrogen is admitted to the oven through the bottom 
and also through the side near the bottom. A carbon heating pencil 
or rod placed in the center of the oven serves to bring the carbide 
adjacent to it up to the^eacting temperature. 

The finely ground carbide is placed in a heavy paper cylinder a 
few inches smaller in diameter than the oven. There is also a small 
paper tube surrounding the pencil so that the charge is held between 
the two concentric cylinders. After charging, the two covers are 
placed in position, the carbon pencil inserted, the nitrogen turned on, 
and current passed through the pencil to heat the charge. The paper 
tube surrounding the pencil is quickly destroyed, and the carbide 
adjacent to it soon reaches the temperature of nitrification. The 
outer paper clyinder is also destroyed after several hours. It is 
only necessary to continue the heating until the reaction is well 
started, generally a few hours only. The nitrification, thus started 
in the core of the cylinder of carbide, proceeds gradually outward 
until the entire charge is nitrified. 

The time required for nitrification depends on the composition and 
physical condition of the charge, dimensions of the ovens, etc., but 
it usually ranges from 24 to 40 hours. At the end of this time the 
nitrified product, which is a grayish-black, solidly caked mass con- 
taining about 21 per cent of nitrogen, is removed from the oven to 
cool. 

The ovens at United States Nitrate Plant No. 2 each have a ca- 
pacity of about 1,600 founds of carbide per charge. It is under- 
stood that very much larger ones have been installed by the Ameri- 
can Cyanamid Co. at their plant at Niagara Falls, Canada. 

The development of the so-called continuous ovens has been along 
two somewhat distinct lines. In one of these the carbide, placed in 
metal boxes, is moved through a long tunnel which is heated and kept 
filled with nitrogen. 

The cyanamide plant at Knapsack, Germany, has nitrifying ovens 
of this type. The carbide is contained in sheet metal, collapsible 
boxes of about 8 cubic feet capacity. About 15 of these boxes are 

100676**— 22 7 
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placed on an iron car which runs upon a track through the tunnel 
oven. As the car of carbide enters at one end it pushes forward 
those already in the oven and the leading car issues from the far end. 
The ends of the oven are closed by heavy iron doors which are opened 
only for admittance or withdrawal of the cars, thus excluding air 
as much as possible. The oven is heated by producer gas burned 
under the first third of its length, and the nitrogen is admitted at the 
far end and flows countercurrent to the travel of the cars. These 
ovens are said to have a capacity of about 27 short tons per 24 hours. 

It is understood that diflSculties were encountered with such equip- 
ment in that the carbide boxes were badly deformed by heat and had 
to be reworked very frequently ; the doors of the ovens warped badly, 
and, moreover, they were open for the considerable time which was 
requii^ed in putting in or taking out the cars; and apparently the 
product was much less uniform than from other types of ovens. 

A somewhat similar oven is used at the cyanamide plant at Marig- 
nac, France. In tliis case the carbide, also contained in metal boxes, 
is moved through a long, nitrogen-filled tunnel without the use of 
cars. The carbide is given a certain amount of agitation by a com- 
bined longitudinal and vertical movement of a section of the floor 
by means of suitable cams. The oven is heated by carbon pencils 
which extend from side to side just under the ceiling and a short dis- 
tance above the carbide. These pencils are spaced more closely near 
the entrance of the furnace than elsewhere to provide the necessary 
heat during the early part of the reaction. Loss of nitrogen and 
dilution by air are minimized by the use of caisson trapdoors. These 
Qvens have a capacity of 25 to 40 tons of cyanamide per day, and 
appear to have a number of advantages over those at Knapsack. 

A more nearly continuous nitrifying oven has been developed in 
Sweden by the Carlson company and has been in successful operation 
in that country for a number of years. These ovens are cylindrical, 
towerlike structures, containing shelves so arranged that the carbide, 
charged in at the top, is caused to move downward from shelf, to shelf 
by means of a mechanical scraper. The nitrogen is admitted at the 
bottom of the oven. The heat required to start the reaction is fur- 
nished by arcs near the top of the furnace. The nitrified carbide is 
discharged at the lower end. It is stated that the temperature in the 
oven is about 950° C. ; that approximately two hours are required for 
the passage of the carbide through the oven ; that the product is ob- 
tained in the form of lumps about three-fourths inch or less in 
diameter which can be easily ground ; and that it contains about 21 
per cent of nitrogen. It appears that the difiiculty encountered in 
early attempts with this type of oven due to caking has been suc- 
cessfully overcome in this oven. 
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The advantages claimed for the continuous oven over the discontinu- 
ous type are ^^ a lower capital cost, a lower consumption of carbide 
per ton of nitrogen fixed, a lower consumption of energy, and a 
lower operating and maintenance charge. Such an economy in car- 
bide utilization would, as previously mentioned, be very important. 
It seems to be an open question, however, whether the continuous 
ovens are better than the modern very large capacity discontinuous 
ovens. 

The efficiency of the nitrification reaction with respect to nitrogen 
appears to be quite low for all types of ovens. For example, in the 
discontinuous type as generally operated less than half of the nitrogen 
entering the oven is actually fixed.. With more careful regulation, 
however, it seems probable that 60 to 70 per cent of the nitrogen could 
be fixed. No definite figures are available on the nitrogen require- 
ment of continuous ovens. It should be pointed out in this connec- 
tion, however, that the cost of nitrogen is a relatively small item and 
consequently a relatively low efficiency is not particularly serious. 

The composition of the nitrified carbide will vary considerably in 
the different countries, since it depends on the quality of raw mate- 
rials, on carbide furnace practice, and on the method of nitrification. 
In general, however, the nitrogen content ranges from 19 to 22 per 
cent. The principal constituents of the cyanamide produced at 
United States Nitrate Plant No. 2 are shown in the following : 

Per cent. 

Calcium cyanamide 61. 2 

Calcium oxide 20.0 

Calcium carbide 1. 5 

Calcium sulphiqie 0. 2 

Calcium phosphide ^ 0. 04 

Free carbon : — 1 12. 5 

Silica - ^ 2. 4 

Iron and aluminum oxides^ , 1. 8 

Magnesium oxide 0. 2 

h Crushing and milling of calcium cyanamide. — ^The presence of 
unnitrified carbide in the cyanamide is objectionable both in the pro- 
duction of ammonia by autoclaving and in the material which is to be 
used as fertilizer, as will be discussed later. The only practical 
method of destroying the carbide appears to be to finely grind the 
cyanamide and then treat it with a spray of water. 

The type of crushing and grinding equipment will depend some- 
what upon the type of nitrifying oven used. Cyanamide produced 
in discontinuous ovens is in the form of solid cakes similar to car- 
bide, but much less hard, and consequently requires similar crushers 
and mills. In fact, at United States Nitrate Plant No. 2 the same 

"Final report Nitrogen Products Committee, p. 258. 
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kind of equipment is used for the two materials. Of the final product, 
65 to 70 per cent passes through a 200-mesh screen. 

It is understood that grinding calcium cyanamide to this degree of 
fineness is, as a rule, not practiced in many of the European plants. It 
appears to be quite necessary, however, for the complete elimination 
of carbide. 

i. Treatment of calcium cyana/rmde for use as fertilizer. — ^The 
principal necessity for the treatment of raw cyanamide before this 
material can be used as fertilizer arises from the fact that it fre- 
quently contains as much as 1.5 to 2 per cent of unnitrified carbide. 
The storage and transportation of such material is attended by 
considerable risk of acetylene explosion unless packed in air-tight 
containers. 

The elimination of the carbide by fine grinding and spraying with 
water — previously referred to — results in an exceedingly dusty prod- 
uct whose handling is very disagreeable. The lime and calcium cyana- 
mide dust attacks the skin to a certain extent, and cyanamide itself is 
specifically somewhat toxic to human beings. 

The treatment of the material with sufficient water to hydrate the 
free lime is also desirable, since unhydrated material when bagged 
absorbs moisture and carbon dioxide from the air, resulting in an 
increase in volume and the consequent bursting of the bags. 

A large number of methods of treating cyanamide have been 
proposed. These fall in two general groups — granulation and hy- 
drating and oiling. 

Under granulation may be mentioned the process of crushing the 
raw cyanamide to a size which is suitable for direct application to 
the soil. Any fine material produced in the crushing is converted 
into ammonia by autoclaving. It is understood that a part of the 
cyanamide marketed as fertilizer in France since the war is in this 
form. This granular cyanamide contains carbide and is conse- 
quently open to objections for that reason. 

Another method of granulation which has been used to a consid- 
erable extent consists in treating the powdered cyanamide with 
water alone or with water containing a so-called binder," forming 
the material into granules by means of pressure, and then drying. 
Such methods invariably result in the formation of prohibitive 
amounts of dicyanodiamide. The harmful action of this material 
on plant growth is well known, and many of the poor results ob- 
tained with granulated cyanamide can be safely ascribed to its 
presence. This method of treating cyanamide has been practically 
discontinued. 

The second method of treating cyanamide — ^hydrating and oil- 
ing — appears to be the most satisfactory solution of the problem, 
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and the operation is an inexpensive one. In this process the 
finely ground cyanamide is treated with sufficient water, in the form 
of a fine spray, to destroy the carbide and hydrate the free lime. 
Between 6 and 7 per cent of water is usually required for this pur- 
pose. An Excess of water is to be avoided since it would result in 
the formation of dicyanodiamide. Hydration with this quantity of 
water does not appreciably reduce the dustiness, and therefore the 
material is treated with 3 to 4 per cent of oil in the form of a spray. 
A cheap grade of mineral oil is generally used, although other kinds 
of oil could be employed. 

The hydration of raw cyanamide results in the liberation of a 
large amount of heat ; and since high temperatures and the presence 
of moisture furnish favorable conditions for the formation of di- 
cyanodiamide, the process must be carefully carried out. Exceed- 
ingly thorough agitation of the material while the water and oil is 
being introduced is absolutely essential for satisfactory treatment. 
When properly carried out, the loss of nitrogen as ammonia is neg- 
ligible and very little, if any, dicyanodiamide is formed. No stand- 
ardized form of equipment has been developed for hydrating and 
oiling cyanamide, but it appears probable that some adaptation of 
a cut-flight conveyor would be quite suitable. 

The stability of hydrated and oiled cyanamide. during storage is 
very largely dependent on the conditions of exposure. There is in 
all cases a tendency for the transformation of cyanamide into dicy- 
anodiamide to occur, but the rate of this reaction will depend on 
the accessibility of the cyanamide to atmospheric moisture and car- 
bon dioxide, and also on the temperature. Obviously the deteriora- 
tion will be faster in rather porous bags than in more impervious 
ones, and faster in bagged material than in bulk. 

Cyanamide fertilizer is generally handled in double burlap bags, 
and when properly hydrated and oiled it can be kept for six months 
to a year under ordinary conditions of fertilizer storage without 
danger of deterioration. 

The great advantage of cyanamide is its cheapness. However, it 
has several disadvantages which at the present time overbalance 
this advantage and prevent its general use as a fertilizer. These 
disadvantages are: (1) It is a very disagreeable substance to work 
with and is somewhat toxic to human beings if large amounts of 
the material get into the skin; (2) it can not be used in large quan- 
tities in mixed fertilizer containing acid phosphate owing to the 
znutual reaction between the acid phosphate and the cyanamide 
which causes the acid phosphate to revert and also may lead to the 
formation of the agriculturally undesirable substance, dicyanodia- 
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mide; and (3) it has an inherent toxicity to plant growth greater 
than that of other fertilizer materials, which prevents its use in as 
large quantities as other forms of nitrogen-containing substances, a 
factor which is particularly noticeable in dry seasons. On the other 
hand, it can be successfully mixed with basic phosphate and with 
cfalcined phosphate in a manner so that no harmful reactions take 
place between the phosphate and the nitrogen-containing materials. 

j. Production of ammonia from cyanamide. — The production of 
ammonia from cyanamide is a simple and comparatively inexpensive 
operation, consisting in the treatment of cyanamide with water and 
steam in an autoclave. It is very largely for this reason that the 
cyanamide process has assumed its present important position as a 
method of fixing nitrogen, since a very large part of the cyanamide 
produced is utilized in this manner. 

The process was patented by A. Frank in Germany in 1900 
(D. E. P. 134,289) and in this country in 1904 (U. S. 776,314). 
It is now in commercial operation in many countries, since the in- 
creasing use of cyanamide for the production of ammonia, particu- 
larly during the war, has resulted in the installation of autoclaving 
equipment at the majority of cyanamide plants. The autoclaving 
process has been quite fully described by Landis.^^ 

The process as actually carried out consists in the following steps : 
The elimination of free carbide by hydration; the treatment of the 
hydrated cyanamide with water and steam in an autoclave; the 
separation of ammonia from the steam-ammonia mixture ; the treat- 
ment and disposal of the autoclave sludge. 

To obtain the ammonia gas as free from acetylene as possible, the 
finely ground cyanamide is first treated to destroy substantially all 
of the free carbide. This is accomplished by spraying the material 
with a quantity of water, corresponding to about 2 per cent of the 
weight of the cyanamide, while it is being agitated in a mixing and 
conveying trough. 

The cyanamide nitrogen is then converted into ammonia by auto- 
claving with an approximately 3 per cent sodium hydroxide solution 
in the proportions of about 1 to 2.4, at temperatures considerably 
above 100° C. The net result of the chemical changes involved in 
the treatment of calcium cyanamide with water are quite accurately 
represented by the equation : 

CaCN,-f3H20=2NH3+CaC03. 

The actual course of the reaction is not fully understood, but it is 
known to be quite complicated. The liberation of nitrogen as 

^ Cbem. and Met. Eng. 14, 87 (1916)« 
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ammonia can, however, be made practically quantitative on a com- 
mercial scale. It has been found that the presence of alkali greatly 
facilitates the conversion reaction, presumably by preventing to a 
large extent the formation of the more difficultly decomposable 
nitrogen compounds, and by assisting in the decomposition of those 
compounds when formed. 

The formation of ammonia from cyanamide is accompanied by the 
liberation of heat, so that once the reaction is started it proceeds very 
vigorously, causing the pressure in the autoclave to increase very 
rapidly. 

A brief description of the autoclave equipment and method of op- 
eration at United States Nitrate Plant No. 2 will serve to illustitite 
the process. The autoclaves are steel tanks 21 feet high, 6 feet in 
diameter, with IJ-inch wall thickness, and constructed to operate at 
pressure up to 300 pounds per square inch. They are provided witli 
stirrers consisting of a central vertical shaft carrying three sets of 
arms and also a drag on the bottom. 

In operating these autoclaves about 19,000 pounds of filtrate liquor 
from a previous operation are introduced and then 8,000 pounds of 
cyanamide. A sufficient quantity of soda ash — usually 150 to 300 
pounds — is added to give a concentration of alkali equivalent to about 
3 per cent sodium hydroxide. The charge is aerated for 10 to 15 
minutes to eliminate acetylene, phosphine, and hydrogen sulphide as 
completely as possible. The autoclave is then closed and the reaction 
started by introduction of steam at the bottom until the pressure 
reaches 60 pounds. The reaction then proceeds rapidly of its own 
accord, and ammonia, accompanied by large volumes of steam, is 
continuously discharged from the autoclave. About 85 to 90 per cent 
of the nitrogen is converted into ammonia and discharged by the time 
the reaction subsides, with consequent drop in pressure to 1 atmos- 
phere. To obtain a practically complete conversion the autoclave 
is again closed and the charge subjected to the action of steam at 
about 120 pounds pressure for two hours. The ammonia is then dis- 
charged and any gas remaining dissolved in the liquor is driven out 
by the introduction of steam for a short period. The complete cycle 
of operations per charge generally requires from five to six hours. 
During the test run at United States Nitrate Plant No. 2 about 97 
per cent of the total nitrogen in the cyanamide was obtained as am- 
monia. 

The ammonia discharged from the autoclaves is accomplished by a 
very large quantity of steam, perhaps averaging for the entire dis- 
charge about three times the weight of ammonia. A certain amount 
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of suspended solids is also carried out and is removed by means of 
a mud drum. Although the ammonia-steam mixture can be used di- 
rectly in the manufacture of ammonium sulphate, it is preferable or 
necessary in many cases to obtain rather dry gas. This is accom- 
plished by treatment of the mixture in an ammonia still provided 
with suitable condensers. The construction and operation of such 
equipment has been so fully described by Lunge ^* and others that it 
will not be treated in this report. 

The slurry discharged from the autoclaves is filtered to recover 
the alkali for reuse in the process. The filter cake contains about 40 
per cent of water and on the dry basis has approximately the follow- 
ing composition: Calcium carbonate, 63 per cent; calcium hydro- 
oxide, 22 per cent ; graphite, 10 per cent ; iron and aluminum oxides, 
silica, etc., 5 per cent ; and generally less than 0.2 per cent of nitrogen. 

The disposal of the filter cake from a large conversion plant is seen 
to be a very large problem when it is considered that about 5 tons of 
cake, on the dry basis, are produced per ton of ammonia, correspond- 
ing to 8 to 9 tons of wet cake as actually obtained. 

Various suggestions have been made as to the utilization of this 
material, but no satisfactory solution of the problem has as yet been 
obtained. It has been proposed, for example, to use it as agricultural 
lime, in carbide manufacture, in cement manufacture, and as a source 
of graphite through chemical or electrical separation methods. 

There appears to be no valid objection to its use as agricultural 
lime, but the output from even a medium-sized plant is so large that, 
in general, any local demand would be greatly exceeded, and the ma- 
terial can only stand a very small freight charge. 

Its use in carbide manufacture does not appear to be commercially 
feasible, at least at the present time, since drying, calcining, and 
briquetting would be necessary. Moreover, there would be a gradual 
accumulation of impurities from the additional coke required, from 
the fuel used in calcining — unless gas were used — and also from the 
catalyst, if used. Some of these difficulties would also be encountered 
in using it for cement manufacture. Attempts at separation of the 
graphite for use in electrode manufacture or other purposes by 
chemical, flotation, or electrostatic means have not thus far proven 
to be economically successful. 



>«Coal Tar and Ammonia, Pt. Ill, 5th ed., p. 1342 (1916), 
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2. Modification of Oyanamide Process. 

A modification of the standard cyanamide process has been pro- 
posed by James H. Reid, and a small experimental plant for its opera- 
tion has been built at Sherman, Vt. 

Briefly, the process consists in coking a ground mixture of coal and 
limestone in a retort, with gas recovery ; producing carbide from the 
suitably crushed, coked material in an essentially resistance-type fur- 
nace; and nitrifying the carbide thus produced, using previously 
nitrified carbide as a catalyst. The unique feature of the process is 
the coking of limestone and coal together. Two advantages are 
claimed for it: The coked material is an electrical conductor, and 
hence can be used in a furnace operating on the charge-as-resistor 
principle, and the limestone acts as cracker to give a greater yield of 
gas than in coking coal alone. 

The process has as yet not been developed to such a stage that 
conclusions as to its commercial feasibility can be correctly drawn. 

3. Construction and Operating Costs. 

In discussing construction and operating costs of the cyanamide 
process, the United States Nitrate Plant No. 2 will be used as the 
working basis, as rather complete and accurate figures on this plant 
are available. 

The cost of that part of plant No. 2 up to and including the pro- 
duction of cyanamide and including the steam-electric power plant 
was $33,500,000, while that portion through the production of am- 
monia gas was $4,000,000 more, or $37,500,000. This plant was con- 
structed as a war emergency during war times, the year 1918, and 
so was affected by rising labor and materials costs. Reproduction 
at this time will therefore be taken at 60 per cent of the war cost, 
which will make the cost of a cyanamide plant for the production of 
commercial materials as follows : 

Plant for cyanamide. 

(Capacity, 245,000 tons commercial cyanamide fertilizer (19.3 per cent N) 

per year.) 

Sixty per cent of $33,500,000. $20, 100, 000 

Extra for oiling and hydrating equipment 1, 250, 000 

Cost of plant 21, 350, 000 

Or $90 per annual ton of commercial cyanamide. 

Plant for ammonia gas. 
(Capacity, 55,250 tons per year.) 

Sixty per cent of $37,500,000=$22,500,000 cost of plant, or $410 
per annual ton of ammonia gas. 
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Plant for sulphate of ammonia. 
(Capacity, 215,000 tons per year.) 

Sixty per cent of $37,500,000 $22, 500, 000 

Extra for sulphate plant equipment . 3,000,000 

Cost of plant 25,500,000 

Or $120 per annual ton of sulphate of ammonia. 

The direct synthetic process ordinarily has an operating advan- 
tage in that its power costs as compared with those of the cyanamide 
process are very small. This advantage disappears in the particular 
instance of United States Nitrate Plant No. 2 with the possibility 
of 2-mill hydroelectric power. 

In the study of operating costs power, except where otherwise 
noted, is taken at 4 mills per kw.-hr. Costs of actual production 
of the various products are estimated in detail in Appendix C, and 
the results obtained there will be used here. It is to be noted that 
interest on working capital is not included in the estimates of this 
chapter. Production costs in the case of commercial cyanamide and 
sulphate of ammonia include an estimate for handling, sales, re- 
search, and main office, while for ammonia this figure must be added. 

Coat of ammonia (per ton). 

Production cost 1 $137. 30 

Estimate for handling, sales, research, and main office 12. 50 

Interest, depreciation, obsolescence, insurance, and taxes, 
at 15 per cent of $410 61.50 

Cost per ton 211.30 

Or 10.6 cents per pound. 

With 2-mill power this cost would be reduced $22.88 per ton, 

making the cost 9.5 cents per pound. In this estimate no allowance 

has been made for royalty payments on processes which, in the case 

of United States Nitrate Plant No. 2, would amount to $27.02 per 

ton of ammonia, making the cost with 4-mill power 11.9 cents per 

pound of ammonia and with 2-mill power 10.8 cents per pound of 

ammonia. 

Cost of sulphate of ammonia (per ton). 

Production cost - $53. 36 

Interest, depreciation, ohsolescence, insurance, and taxes, at 
15 per cent of $120 18. 00 

Cost per ton 71. 36 

If 2-mill power is secured this cost will be reduced by $5.88, mak- 
ing the cost of the material $65.48 per ton. 

No allowance has been made in this estimate for cost of patents 
which, in the case of United States Nitrate Plant No. 2, amounts to 
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$6.77 per ton of sulphate, increasing costs to $78.13 for 4-mill power 
and $72.25 for 2-mill power. 
The average pre-war price was $60 per ton. 

Cost of commercial cyanamide (per ton). 

Production cost . $32. 87 

Interest, depreciation, obsolescence, insurance, and taxes, at 
15 per cent of $90 13. 56' 

Cost per ton 46.37 

This material contains 19.3 per cent nitrogen, equivalent to 23| 
per cent ammonia, and, using the above cost figure, has a cost equiva- 
lent of $1.97 per unit of ammonia. The average pre-war price was 
$2.12 per unit of ammonia. 

In this estimate no allowance has been made for cost of patents 
which, in the case of United States Nitrate Plant No. 2, would be 
$6.28 per ton of material, increasing the price equivalent to $2.24 
per unit of ammonia. 

With 2-'mill power the cost would be reduced $5.10 per ton, or 
$41.27 without royalties and $47.55 with the royalty in effect in the 
case of United States Nitrate Plant No. 2, giving a price equivalent 
in the first case of $1.76 per unit of ammonia and in the latter of 
$2.02 per unit of ammonia. 

B. THE DIRECT SYNTHETIC AMMONIA PROCESS. 

« 

1. History of Process. 

Prof. Fritz Haber, of Karlsruhe, Germany, after much careful ex- 
perimental work ^*, patented ^"^ a process whereby nitrogen and hydro- 
gen in the presence of a reaction promoter combined directly to form 
ammonia, according to the equation N^+3H2=2NH3. This is the 
basis of what has become known as the Haber synthetic ammonia 
process. Although Haber is given credit for the invention of the 
process, many others carried out investigations on the subject prior 
to those of Haber. Nernst was the first to have had success with an 
apparatus to operate under the unusual conditions of high tempera- 
ture and considerable pressure. Nernst and the others, however, did 
not have the good fortune to find an effective catalyst, while Haber 
did. Nernst quickly lost interest in the work, while Haber was en- 

^*F. Haber and R. Le Roraignel, Ber. 40 (1907), 2144; Z. Elektrochem., 14 (1908), 
181; ibid.. 19 (1913), 53; F. Haber, Chem. Ztg., 34 (1910), 345; Z. Elektrachem., 16 
(1910), 244; P. Haber et al., ibid., 20 (1914), 597 ; Ibid., 21 (1916), 191. 

»* Haber, D. R. P. 229,126 (1909) ; 238,450 (1909) ; Haber and Le Rosaignel, U. S. 
patents 971,501 (1910) ; 999,025 (1911) ; 1,006,206 (1911) ; 1,202,995 (1916) ; Badische 
Anilin und Soda Fabrik, D. B. P. 235,421 (1908) ; 259,996 (1911). 
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couraged and continued energetically in an effort to apply the proc- 
ess industrially. 

There are to-day in general four definite developments of the Haber 
process for the direct synthesis of ammonia: The original German 
(Haber), the American (General Chemical Co.), the French (Claude), 
and the Italian (Casale), The conditions necessary in all of these 
processes to bring about an appreciable combination of hydrogen with 
nitrogen, even in the presence of the best reaction promoters or cata- 
lysts so far developed, involve pressures of over 100 atmospheres, and 
temperatures of 450^ C. to 600° C. The concentration of ammonia 
thus obtained in the nitrogen-hydrogen mixture, according to pres- 
ent industrial practice, is of the order of 5 to 10 per cent. Ttie four 
developments are fundamentally similar, differing essentially in the 
operating pressures (100 to 1,000 atmospheres) used for synthesis 
and in the methods for removal of ammonia from the gases (lique- 
faction by cooling. and absorption). There are in all of the processes 
the mechanical difficulties attendant to operation under combined 
high temperatures and high gas pressures, and there is the need of an 
active, rugged, cheap catalyst which will operate at as low tempera- 
tures as possible. There are two principal methods used to produce 
the raw gases for the process, the Bosch water gas and the water 
electrolysis. 

The German process developed by Haber uses a pressure of about 
200 atmospheres, and the catalysis temperature is about 600° C. 
The synthesis takes place in a circulating system from which the 
ammonia is removed by water absorption. The units employed in the 
German commercial installation are of large capacity, each catalyst 
bomb synthesizing about 15 tons of ammonia x>er day. 

The American process was developed by the General Chemical Co. 
and involves pressures of approximately 100 atmospheres. The low 
pressure utilized in this process was made possible by the activity of 
the catalyst developed by the General Chemical Co. The greater the 
activity of a catalyst, however, the greater is its sensitiveness to 
poisons in the gases. It is therefore necessary that great precaution 
be taken in the purification of the gases. The synthesis takes place, 
in this process also, in a circulating system from which the removal 
of ammonia is accomplished by refrigeration and liquefaction at 
extremely low temperature (—40° C), the low temperature being 
necessary in view of the small concentration of ammonia obtained 
at the comparatively low pressure of 100 atmospheres. Commercial 
units have been built with rated capacities of 5 to 10 tons of ammonia 
per day each. 

The French process as developed by Claude uses pressures of 600 
to 1,000 atmo^heres at tempe^attures somewhat higher than those 
used by the Americans and Germans, Catalysts are more active and 
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less affected by poisons in the gases at the higher operating tempera- 
tures. Claude consequently can obtain satisfactory results with cata- 
lysts inferior to those required for the lower pressures. The am- 
monia is removed by cooling the gases to the point of liquefaction 
of the ammonia, the liquid being discharged from the system. Very 
low temperature cooling for liquefaction of ammonia is not necessary 
on account of the higher pressures used, the liquefaction temperature 
being approximately 20° C. Also, due to the high pressures and 
with a comparatively poor catalyst, the concentration of ammonia 
rises to more than 20 per cent. With such large ammonia con- 
centrations, a circulating system may not be used, the gases being 
passed through several reaction chambers in series and the ammonia 
removed at the exit of each, while the residual gas from the last of 
the chambers will be rejected. A combination of series and circulat- 
ing systems is being used, however, in the latest development for 
operation under these pressures. The gases are passed from the 
high-stage compressor through two converters in series, ammonia 
being removed at the exit of each, while the gas from the second one 
is returned to an intermediate stage of the compressor, where it is 
mixed with fresh gas and returned to the converters. The upper 
stages of the compressors, therefore, function also as circulating com- 
pressors. The individual units for operating pressures of 600 to 
1,000 atmospheres are quite small as compared to those operating at 
the lower pressure of 100 to 200 atmospheres. The installation built 
by Claude in France has progressed only to a semicommercial stage, 
its capacity being from 1 to 2 tons of ammonia per day. 

The Italian process was developed by Casale and operates at pres- 
sures of 300 to 600 atmospheres. The synthesis takes place in a 
circulating system from which the ammonia is removed by lique- 
faction due to cooling. The Italians claim to have a catalyst which 
is free from deleterious action of poisons in the gases. The units 
employed so far hav6 a isapacity of less than half a ton per day. 

England is developing the direct synthetic ammonia process es- 
sentially, according to the principles of the German Haber, and is 
now building a plant of about 10 tons per day capacity. 

The Japanese have acquired rights to the American process and 
are negotiating with the Germans and French, but have as yet con- 
structed no plants. 

The nitrogen and hydrogen necessary for the ammonia synthesis 
may, be obtained by any of several commercial methods, the more 
important of which are the Bosch process as developed in the Ger 
man Haber-Bosch plants where water gas is the intermediate step 
from water to pure hydrogen; ahd the electrolytic process, where 
hydrogen is obtained diti&ttly bythe dectrolytic 'decomposition of 
water. The complete German synthetic process, including the manu- 
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facture of the gases, is more properly known as the Haber-Bosch 
process, crediting the development of the methods of manufacture 
and purification of the gases to Dr. C. Bosch, of the Badische Anilin 
und Soda Fabrik, of Ludwigshafen, Germany. The Bosch method 
for gas manufacture and purification has been used in the German 
and American plants and is to be used in the English plant now 
being constructed. This method involves the production of water gas 
and its further reaction with an admixture of steam in the presence 
of a catalyst according to the equation.^® 

The nitrogen may be obtained in the mixture by injection of air 
during the manufacture or oxidation of the water gas, or by the 
production of a pure producer gas to be mixed with the water gas 
before oxidation ^^ ^®. The gas mixture after oxidation contains, 
besides nitrogen and hydrogen, large quantities of carbon dioxide 
with some carbon monoxide. Extensive purification is necessary 
", ^®, ^°, the carbon dioxide being removed by water washing at high 
pressure, the carbon monoxide by scrubbing with cuprous solutions 
and incidental impurities by various special means. The purified 
gas, approximately 3 parts hydrogen and 1 part nitrogen, is then 
available for ammonia synthesis. 

Hydrogen of high purity for the synthetic process can be manu- 
factured by the electrolytic decomposition of water. This method 
is limited to those localities in which very cheap power may be 
obtained, as, for instance, from large water-power developments or 
where low rates may be obtained for oflF-peak power or where the 
hydrogen is a by-product of oxygen or chlorine manufacture. The 
Italians and the French use this method in their comparatively small 
plants. Nitrogen of high purity made by the liquid-air process may 
be added to the hydrogen; or, if the electrolytic hydrogen is suffi- 
ciently cheap, the nitrogen may be added as air, the oxygen being 
burned out with excess hydrogen. The electrolytic production of 
hydrogen for the synthetic process is considerably more simple 
mechanically than the Bosch method of production, because the most 
difficult steps in the purification of the gases are eliminated, while 
the manufacture of the gas itself is a very simple and standardized 
process. 

«B. A. S. p. (C. Bosch), U. S. patent 1.102,716 (1914) ; Brit, patent 26,770 (1912); 
Pr. patent 459,918 (1913) ; General Chemical Co. (de Jahn), Brit, patent 124,760 (1918). 

"H. C. Greenwood: Industrial Gases (Balllere, Tindall A Cox) (1920). 

**B. A. S. F., Brit, patent 27,117 (1912) ; (C. Bosch) U. S. patent l,llfi,776 (19X4); 
((^. Bosch) U. S. patent 1,200,805 (1916). 

*• General Chemical Co. (de Jahn), Brit, patent 120,546 (1918). 

'•Vlgnon, Fr. patent 389,671 (1908) ; B. A. S. F.. D. B. P. 282,505 (1918) ; Brit, uat- 
ents 8,030 (1914); 9,271 (1914); U. S. patent 1,196,101 (1916); D. B. P. 289,106 
(1814); General Chemical Co. (de Jahn), Brit, patent 120,546 (1918). 
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A description of the direct synthetic-ammonia process follows, 
giving a brief discussion of apparatus and operating conditions for 
each step. 

2. Description of Process. 

a. Production of raw gases, — ^Water-gas manufacture : The water- 
gas process, with standard equipment, consisting of gas generators, 
wash boxes, and gasometers, as used in the manufacture of illumi- 
nating gas, iriay be employed to decompose steam for the production 
of free hydrogen and oxides of carbon. In a subsequent paragraph 
it is shown how the carbon monoxide of this gas is utilized for the 
production of more hydrogen and how the carbon dioxide is removed. 
The approximate composition of the water gas is given in Table I, 
and it will be noted that 100 volumes of this mixture contain approxi- 
mately 50 volumes of hydrogen as such and 40 volumes of potential 
hydrogen (later available when carbon monoxide combines with 
steam), making a total of 90 volumes of hydrogen. It may be noted 
that a high nitrogen content in the gas is not objectionable for this 
process, since there is later an admixture of either pure nitrogen 
gas or gas of high nitrogen content. Hence steps may be taken to 
decrease the loss of hydrogen in the stack, even though nitrogen be 
added to the gas. The gases are passed through standard wash boxes 
and water scrubbers, but on account of purification in a later stage of 
the process no special purifiers are required before the gases are 
passed into the storage holders. 

Table I. — Water-gaa composition. 



J- 



GO J.. 
CO.. 
H,... 



Total 



Operating ranges. 



Per cent. Per cent. 

5 to 3 5 to 3 

42 to 45 41 to 44 

51 to 50 49 to 48 

2 to 5 



100 to 100 100 to 100 



Producer-gas manufacture: Standard methods for the manufac- 
ture of lean or producer gas may be employed to secure a gas mix- 
ture rich in nitrogen and lean in hydrogen. Oxides of carbon are 
also present in lean gas; and since some steam is used with the air, 
hydrogen also is present. Inasmuch as the producer gas, as the main 
source of nitrogen, may be later added to the water gas, the hydro- 
gen in the former, as well as the carbon monoxide, as potential hydro- 
gen, becomes available. The producer gas may have the composi- 
tion shown in Table II. The range of composition is wide, depend- 
ing on the nature of the fuel and the operating conditions. One 
hundred volumes of producer gas represent approximately 60 vol- 
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umes of nitrogen and 30 volumes of hydrogen as such, or as poten- 
tial hydrogen. 

Table II. — Producer-gas composition. 

Per cent. 

H, WS 

N3 65-50 

CO 20-30 

CO2, CH4, etc „ 5-10 

Coke should be used in the manufacture of lean gas, as well as 
water gas, to keep the methane content as low as possible, since the 
purge of methane and inert gases from the purified gases is expensive. 

Mixing of water and producer gas: To obtain the desired final 
ratio of 3 parts of hydrogen (actual plus potential) to 1 of nitrogen, 
a mixture of very nearly 2 volumes of water gas to 1 volume of pro- 
ducer gas of the above composition would be required, and since 
one generator can make approximately three times as much lean 
gas by volume as it can water gas, there need be only one lean-gas 
machine for six water-gas machines. The composition of the mixed 
gas is, to a great extent, independent of the compositions of the 
producer and water gases, if we assume that these gases have been 
mixed in proper proportion to secure the desired final ratio between 
the hydrogen and nitrogen. .The .final composition will, in normal 
practice, vary only within narrow limits and should be as indicated 
in Table III for both cases when the complete nitrogen requirement 
is introduced at the gas machines and when gas is made deficient in 
nitrogen. 

Table III. — Mixed-gas composition. 



J 


Percent 

with 
complete 
nitrogen. 


Percent 

with 
deficient 
nitrogen 


COt 


3-5 
39-36 
34-36 
23-22 

1-1 


3-5 


CO 


41-38 


Hj 


37-39 


Ns 


18-17 


X (CH<, argon, etc.) « 


l-I 






Total 


100-100 


100-100 







Water gas, as the principal source of hydrogen, and lean or pro- 
ducer gas, as the principal source of nitrogen, may be delivered to 
separate holders by exhausters equipped with water injectors for 
saturating the gas and followed by cyclone separators to remove ex- 
cess water. The gases may then be passed through meters to a mix- 
ing main equipped with turbo blowers to mix the gas. The mixed 
gases should be so proportioned as to be somewhat deficient in nitro- 
gen, as will later be explained. Mixing of water and producer gases 
is the method employed in the German plants. 
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Direct manufacture of mixed gas: In lieu of making the two 
gases separately and mixing them in the desired proportions, the 
mixture may be made directly by the introduction of air into the 
water-gas machine during its " making " period.^^* ^* The use in the 
direct method of only a part of the blowing air simultaneously with 
steam during gas production involves many operating difficulties, 
the most important of which is the variable composition of the 
effluent gases. All of the air will yield nitrogen and oxides of car- 
bon, but the proportion of steam decomposed, and therefore the re- 
sultant proportion of hydrogen produced, will depend upon the 
grade of fuel used, temperttture, and cleanliness of the fuel bed and 
will vary from the beginning to the end of each " run." Thus the 
composition of the effluent gases is dependent on too many possible 
variables in operation. The net result of this direct method is the 
combining of the water-gas machine and the producer in one appa- 
ratus. Operating considerations may definitely determine which 
of the preceding methods to employ, although a theoretical com- 
parison leads to little choice. Producers can use a lower grade of 
fuel than water-gas machines, which may be the determining factor 
in the choice of method, although in small plants duplication of 
apparatus may be the controlling factor. 

Water gas and air burning : It may, in some installations, be neces- 
sary to burn air in a later step of the process for purposes of tem- 
perature maintenance. The air required for temperature mainte- 
nance may in some installations furnish nearly all of the nitrogen 
necessary for synthesis. It would, therefore, be only necessary in 
such a case to operate the gas machines for the production of water 
gas rich in hydrogen. This method of operation, although in some 
cases it may be necessary, is fundamentally inefficient since air in- 
jected into the gas -with combustion of the latter involves a definite 
loss of hydrogen or carbon monoxide (later yielding hydrogen) in 
the formation of water, whereas the nitrogen available from the gas- 
generator blast represents no loss of fuel. Complete nitrogen sup- 
ply by air injection and combustion in the gas involves a loss of 25 
per cent of the hydrogen obtainable from a given volume of water gas 
with nitrogen added as blast gas and thus increases the fuel consump- 
tion considerably. 

Manufacture of hydrogen electrolytically : Little need be said con- 
cerning the actual manufacture of hydrogen electrolytically, since 
production by that method is a standardized operation. There is, 
however, a great disadvantage in the electrolytic production of hydro- 
gen for the synthetic ammonia process, since cells as they are now 
built are comparatively small in capacity (500 to 1,000 amperes) ; 

**• » Loc. cit, p. 09. 
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and where large yolumes of gas are required, such as in an ammonia 
process, the investment cost for an electrolytic hydrogen installation 
becomes enormous. One of the leading cell manufacturers in this 
country has experimentally developed a 10,000-ampere cell, the tests 
of which were very successful, giving every indication tiiat commer- 
cial units of that capacity could be built and operated with no diffi- 
culty. It is believed that other companies will follow as quickly 
as they can convince themselves that the time has come for electrolytic- 
gas production on a large scale. The. large cells of 10,00Q-amperes 
rating should be capable of handling an overload of 50 per cent, thus 
for the same gas production, using the iarge capacity cells as com- 
pared with the present-day standard cells, the ratio of investment 
costs would be of the order of 1 to 4 in favor of the large cells. The 
large electroljrtic cell therefore warrants serious consideration as a 
gas producer for the synthetic ammonia process. 

The power consumption for electrolytic production of hydrogen is 
an item of prime importance. While the Bosch method of gas pro- 
duction consumes about 4,000 kilowatt hours per ton of ammonia, 
the electrolytic method consumes more than four times as much, 
putting this method as a power consumer in a class with the cyan- 
amide method for ammonia production. 

Manufacture of nitrogen: Free nitrogen is necessary, in cases 
where circulating synthesis systems are employed, to control the 
final nitrogen-hydrogen gas ratio of 1 to 3 before synthesis, and 
also for other incidental purposes about the plant. As before stated, 
the gas ratio is made slightly low in nitrogen at the beginning of 
the process, because it is impossible to maintain a correct ratio 
throughout the system up to the point of synthesis, due to variables 
in purification, and diie to the fact that variable amounts of nitrogen 
in the form of air may be introduced for internal combustion and 
heat maintenance at different points of the system. It is therefore 
desirable that free nitrogen be available for introduction just before 
synthesis to obtain the correct proportions of nitrogen and hydrogen. 
It is important, in a circulating system, that the correct proportion 
be obtained, since any excess of either constituent rapidly builds up 
in the synthesis system. 

Any of the standard liquid-air processes, consisting of distillation 
columns, compressors, etc., are suitable for the production of nitro- 
gen, or, as before stated, if electrolytic hydrogen is cheap, excess 
hydrogen may be used to burn the oxygen out of the air, leaving the 
nitrogen for use in the process. The apparatus to produce nitrogen 
by the latter method would be simple, consisting of a suitable burner 
to burn air in a hydrogen atmosphere. The water formed would 
have to be removed as will be discussed later. 
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J. Oxidation of carbon monoxide^ Bosch method. — General descrip- 
tion : The mixed gases furnished by the water-gas and producer-gas 
machines for the Bosch method of gas production contain carb:)n 
monoxide, carbon dioxide, and small quantities of other gases along 
with the desired constituents, nitrogen and hydrogen. It is the pur- 
pose, therefore, to remove all but the latter. A step preliminary to 
the removal of these undesirable gases is the oxidation of the carbon 
monoxide to produce carbon dioxide and hydrogen. 

In general the oxidation of carbon monoxide to dioxide is accom- 
plished in a system as follows : The mixed gases are passed through a 
series of heat interchangers into a converter. At a point in the path 
through the interchangers where the temperature is suitable, steam 
is added to the gases. The mixture then continues into the converter, 
where, by the aid of a suitable catalyst and at high temperature, the 
steam reacts with carbon monoxide, forming carbon dioxide and 
desirable free hydrogen. Maintenance of suitable reaction tempera- 
ture may require the addition of heat, which may be accomplished by 
the burning of an air and gas mixture over the catalyst bed. This 
operation introduces nitrogen. The gases leave the converter and 
return through the heat interchangers giving up their heat to the 
incoming gases. There may be an auxiliary converter operating at a 
point of suitable temperature in the interchanger system. There 
may also be special interchangers to save steam, or the steam may 
be condensed and discharged. 

Addition of steam before conversion: The conversion of carbon 
monoxide by use of steam is essentially a continuation of the reac- 
tion in the water-gas machine, under more favorable conditions of 
temperature and steam concentration, as shown by the following 
reactions : 

Gas generation O-f- H20=C0 -f H. (1) 

CO conversion 00+ H,0=CO,-|- H, (2) 

Total reaction (l) + (2) — C+2HaO=CO,+2H. (3) 

In the first reaction, in the absence of a catalyst, high temperatures 
prevail, and 100 per cent excess steam is good practice. In the con- 
verter, with the aid of a catalyst, a lower temperature is used with 
many times greater excess of steam. 

Steam may be introduced through steam interchangers, wherein 
the cooling of the exit gas is done by direct contact with a counter- 
current spray of cold water in a long, circular condenser filled with 
suitable packing. The water emerges from the bottom of the con- 
denser at nearly boiling temperature, and is fed to the top of the 
vaporizer, similar in construction to the condenser, where cold inlet 
gas is heated and supplied with steam from the hot water. The 
water is cooled by this treatment and again repeats its cycle through 
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the condenser. In such an interchanger system about 4 volumes 
of steam per volume of inlet gas are used. Less than 10 per cent 
of this steam actually reacts, 60 to 70 per cent of it is interchanged, 
while the remainder is lost as condensate. The lost steam may be 
replaced by the addition of low-pressure steam to the inlet gas 
injected at a point just before the mixture enters the converters. 

All the steam, 4 volumes per volume of inlet gas, may be injected 
as low-pressure steam into the inlet gas to the converter at a point 
in the heat interchanger system, and all the excess steam condensed 
and discharged. This method of operation requires almost three 
times as much steam and cooling water as does the method which 
utilizes the special steam interchanger. Condensation of excess 
steam may be accomplished in surface condensers, which must neces- 
sarily be large on account of the low heat transfer coefficient of the 
mixture of gas and steam to be condensed. 

Heat interchange and catalysis: The mixed ingoing gases, with 
steam added, may be forced through heat interchangers, absorbing 
heat from the hot gases leaving the converter. The heat inter- 
changers may be made of boiler-plate shells with internal nests of 
tubes. The inlet gases should flow around the tubes, and the exit 
gases through the tubes, .so that external radiation losses are mini- 
mized and temperature transfer head improved. The shells should, 
of course, be heavily lagged to prevent heat loss. The interchangers 
should be carefully designed, so that the gases may enter the con- 
verter at as nearly the proper operating temperature as possible. 

There may be one or two converters to each unit or set. The con- 
verters may be circular or rectangular shells of large cross-sectional 
area and with trays, supporting beds of catalyst in shallow layers 
through which the gas should pass freely and preferably in a down- 
ward direction to prevent disintegration of catalyst. The catalyst 
may be placed in a single layer, but great care is necessary so that 
the depth is not too great and so that the catalyst does not pack tightly 
and set up a large friction head. The catalysts were mainly of ferric 
oxide with the addition of some promoter ^^ as chronium, cerium, 
or thorium. Such catalysts are chemically rugged against poisons, 
but are physically delicate and should be supported so as to avoid 
crumbling and packing. The catalyst temperature on the inlet side 
during operation of the converter will be about 500° C. with a rise 
in temperature across the catalyst of 50® to 60° C, due to the exother- 
micity of the reaction. This reaction heat should with very good 
heat interchangers be sufficient to maintain the system at its proper 
operating temperature, offsetting radiation and heat losses. In case 

«B. A. S. F., Brit, patent 27,955 (1912) ; D. E. P. 292^.615 (1912; D. R. P. 293,943 
(1913) ; Fr. patent 469,907 (1918) ; Brit patent 16,494. 
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additional heat is necessary for temperature maintenance, air com- 
bined with gas may be burned as a flame above the catalyst or in the 
bed itself. Flame combustion by means of a burner above the cata- 
lyst is a better method for heat development than burning air in the 
catalyst bed,^^ since the latter makes too large a temperature gra- 
dient through the catalyst itself. The procedure of course adds 
nitrogen to the system, and the more added here the less need be added 
in the gas manufacture. 

Two converters in series may be used, the second at a lower tem- 
perature than that of the first. The use of such a secondary con- 
verter represents a decided improvement in operation, since the 
water-gas reaction has a much more favorable equilibrium at the 
lower temperature. It has, however, a much slower reaction rate. 
Thus it is desirable to accomplish most of the reaction at the higher 
temperature of the first converter and follow by the catalysis at 
lower temperature in the secondary converter. If air or oxygen 
be available during low-temperature catalysis, the oxidation of the 
carbon monoxide will be much more readily carried to its equilibrium 
value. 

If equilibrium were attained during catalysis, a gas would be se- 
cured containing but 1 to 2 per cent CO. In practice this is not 
reached, and 2 to 4 per cent CO remains, representing a conversion 
of about 95 per cent of the original carbon monoxide. Due to the 
conversion, there is an increase of about one-third in the volume of 
the dry gases. • The dry converted gas should have the composition 
shown in Table IV. This analysis may also be obtained entirely by 
calculation. 

Table IV. — Oaa composition (dry) after conversion. 

Per cent. 

00, 29-27 

CO 2-4 

H, 52-52 

N, 17-17 

Total 100-100 

X (OH*, argon, etc.) 0.4-0.8 

It will be noted that oxidation does not completely remove the 
carbon monoxide. It is necessary in a later purification process to 
remove the remaining 2 to 4 per cent. 

The nitrogen content may be kept somewhat lower than is shown 
in Table IV in a case where it is desired to bring the gas ratio into 
proper proportion by addition of nitrogen in a later stage of the 
process. 

■— ^ I ■! ■! I I ■ I III I ■ I I I II I II 

«Loc. cit, p. 99. 
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Deoxidation of electrolytic gas: Hydrogen made electrolytically 
and nitrogen made by the liquid-air process for synthesis to ammonia 
both contain small amounts of oxygen as an impurity. This oxygen 
must be removed before the gases are suitable for synthesis. The 
hydrogen and nitrogen gases are therefore taken from the storage 
holders and passed at low pressure through heat interchangers into a 
deoxidizer, which is a container filled with a suitable catalyst which 
may be copper shavings. Air may be burned in the deoxidizer to 
obtain the proper deoxidizing temperature, and also to introduce into 
the system any part, or all, of the required nitrogen. All oxygen 
originally in the hydrogen and nitrogen gases or that remaining from 
the burned air is consumed by the reaction in the copper. The hot 
deoxidized gas returns through the heat interchanger, giving up heat 
to the incoming gas. Control of the deoxidizer depends on the 
amount of nitrogen to be introduced into the system as air. Such an 
amount of nitrogen may be introduced here as is necessary to bal- 
ance the hydrogen-nitrogen ratio, or if conditions are suitable, the 
complete nitrogen requirements of the process may be obtained by 
this method rather than from the liquid-air machines. It is, of 
course, necessary that care be taken not to introduce an excess amount 
of air, because all oxygen must be completely removed. Condensers 
are needed to remove moisture resulting from the combustion and to 
cool the gas before it enters the compressors. Such coolers may be 
built on the principle of surface or of jet condensers. 

c. Purification of gas, — Compression of gas and removal of carbon 
dioxide : So far in the process we have been concerned with different 
methods for manufacture of gases and the oxidation of carbon 
monoxide in the water gases. These operations have taken place at 
low pressure, approximately atmospheric. The gases must now be 
compressed to high pressurefs for synthesis, and in the Bosch system 
must be compressed for purification purposes also. The purification 
pressures may, however, be less than the synthesis pressures. 

The chief undesirable constituent in the gas at this stage in the 
Bosch process is carbon dioxide, which is removed by scrubbing the 
gas mixture with water at high pressure.^^' ^®' ^^ The dry gas drawn 
from the holders is compressed in a multistage compressor up to the 
pressure at which it is to remain through the rest of the process, or 
perhaps to some intermediate purification pressure. Scrubbing may 
be accomplished at pressures of 10 to 100 atmospheres, while synthe- 
sis may be at 100 atmospheres or more. Synthesis at 200 atmospheres 
would require five-stage compressors, which, for instance, with 25- 

»».»Loc. cit., p. 99. 

«»Lane, Brit, patent 11,878 (1910); General Chemical Co. (de Jahn), Brit, patent 
124,761 (1918) ; Greenwood, '* Industrial Gases.'* 
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atmosphere purification, should be supplemented by three-stage ma- 
chines to assist in handling the larger volume of gases in the lower 
stages before scrubbing. It will be noted that the. carbon dioxide 
removed by scrubbing amounts to about one-third the total gas 
volume. The gases would be compressed in the first three stages of 
the five-stage machines, assisted by the three-stage machines, 
scrubbed, and then returned to the final stages of the five-stage 
machines for compression to synthesis pressure. Synthesis may be 
accomplished at 100 atmospheres pressures, in which water scrubbing 
may be accomplished at the same pressure, or at a lower pressure, as 
described above. One hundred atmosphere compression would re- 
quire four-stage machines. There is no particular difiiculty in- 
volved in construction of satisfactory compressors for pressures of 
100 to 200 atmospheres, but a gas compressor of commercial capacity 
has not yet been developed to operate at pressures approximating 
1,000 atmospheres. Care must be taken to prevent explosions due to 
possible suction of air into the compressors, and the compressor 
valves should be made of special alloy to withstand the corrosive 
effect of the gases. Compressor suction should be from a small 
holder floating on the line to take up variations of load. 

The compressed gases are scrubbed in a long tower by passing up- 
ward countercurrent to water flowing downward over suitable pack- 
ing. The packing should cause turbulent gas flow to permit the most 
intimate contact between water and gas, should not pack to cause 
channeling of gas or water, and should be resistant to pressure and 
corrosive action. The base of the scrubber should be constructed 
so that the water level will not rise into the towers. An electrical 
mechanism is more suitable for control of water level than is a float 
mechanism, because the force available from a float is not suflicient 
to transmit appreciable motion through a stuffing-box packing tight 
enough to withstand the high pressure within the scrubber. Sight 
gauges and manual control may be resorted to in emergency. There 
should be no restriction to the flow of gas into the tower or of water 
from the tower. Reciprocating pumps, in stages depending on scrub- 
ing pressure, are satisfactory, but special material should be used in 
the valves to withstand wearing and pitting. The pumps may op- 
erate at constant speed, the control of water level being accomplished 
at the discharge from the scrubbers, or the speed of the pumps may 
be controlled by a water-level control mechanism. The former 
method is the more satisfactory, due to conditions of flow in the 
scrubbers. The composition of the gas after water scrubbing will 
be shown in the table following. 
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Table V. — Gas composition after water scrubbing. 

Per cent. 

CO a- 5 

Ha 73- 72 

N, 24- 23 

Total ^ 100^100 

CO, 0. 1-1. 

X(CH4, argon, etc.) .5-1.0 

The solubility of carbon dioxide increases with its partial pressure. 
Table VI gives cubic feet of carbon dioxide at 60^ F. and 30 inches 
Hg dissolved in 1 cubic foot of water. For a given COg percentage 
in a gas, the scrubbing water necessary decreases with an increase 
of the total gas pressure. However, the energy required for pump- 
ing this decreased amount of water at the increased pressure is not 
greatly altered. At a given total gas pressure, the quantity of sol- 
vent water necessary is not greatly affected by variations in COj 
concentration ; since, as the COg to be dissolved decreases, the solu- 
bility also decreases. 

Table VI. — Solubility of carbon dioxide in waters 



COs partial 
pressure. 


O'C. 


12*0. 


Atmospheres, 

10 
15 
20 
26 
30 


Volumes. 
9.2 
17.1 
23.6 
28.6 
32.5 
36.0 


Volumes. 
6.6 
10.3 
14.5 
18.2 
2L6 
24.8 



> BwA&tA V Air Uquide, Brit. Patent 15,053 (1914). 

Hence, COj absorption should be completed in one stage rather 
than in a series of stages at decreasing concentration ; that is to say, 
one long cylinder of proper cross-sectional area provides better scrub- 
bing conditions than several shorter cylinders with the gas passing 
through them either in series or in parallel. High-pressure scrub- 
bing decreases the size of apparatus required, since the volumes of 
gas and water are decreased proportionally while the velocity of 
absorption is increased, but the advantage of smaller apparatus is 
somewhat offset by the necessary increased strength of the vessel and 
the joints in pipe connections, etc. The above considerations gener- 
ally point to comparatively low scrubbing pressure, that is about 200 
to 500 pounds per square inch. 

The scrubbing water with its dissolved carbon dioxide (and hydro- 
gen sulphide), as well as some hydrogen and nitrogen, passes from 
the bottom of the scrubbing tower and discharges through a water 
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wheel.^^'** Here the dissolved gases are liberated and much of the 
power used in pumping the water may be regenerated. Specially 
designed apparatus is necessary for the recovery of power from a 
mixture of expanding gases, vapors, and water. Power can not be 
recovered efficiently by use of the common types of water wheel noz- 
zles when gases are dissolved at high pressures in the operating 
liquid. The composition of the gas escaping from the dissolving 
water after pressure release will be normally as shown in Table VII, 
the variation depending upon operating conditions. 

Table VII. — Composition of dissolved gas released from scrubbing water. 

Per cent. 

CO, 76- 84 

H, 17- 11 

N. 6- 4 

X (H,S, C50, etc.) 1- 1 

Total 100-100 

Operation shows that about 1 volume of hydrogen and nitrogen 
is dissolved with every 4 volumes of carbon dioxide in spite of the 
fact that this is about twice that called for by the available data 
on relative solubilities. This loss represents about 10 per cent of 
the total of these gasses manufactured. The total gas removed in 
the water scrubbers represents about 35 per cent of that manufac- 
tured. The loss of hydrogen and nitrogen is theoretically inde- 
pendent of the pressure at which the scrubbing is done and is un- 
avoidable since the solubility of these gases is not negligible. 

The carbon dioxide in the liberated gases is a valuable by-product. 
In conjunction with the ammonia synthesized, it may be used for 
the manufacture of ammonium sulphate by the decomposition of 
gypsum in the presence of ammonia, or it can be used in the 
ammonia soda process.*' There are available from the Bosch 
process about 45,000 cubic feet of carbon dioxide per ton of ammonia 
synthesized. 

The residual carbon dioxide (0.1 to 1.0 per cent) remaining after 
water scrubbing may be removed by washing the gas with a cold 
caustic solution.'* This may be done simply by bubbling the gas 
through a tower filled with solution. The caustic may be replenished 
periodically, since large quantities are not required. 

Removal of carbon monoxide: The next impurity to be elimi- 
nated after removal of carbon dioxide in the water scrubbers is 

".»Loc cit, p. 9». 

"C. Bosch, Z. Electrochem., 24 (1918), 361. 

>* Wroblewski, Compt. Bond., 94 (1882), 1,355; Bohr and Bock. Wied, Ann. Phys. (2), 
44 (1891), 818. 
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the remaining 3 to 5 per cent of carbon monoxide. This is done by 
scrubbing the gas with an ammoniacal cuprous solution. If an 
intermediate pressure has been used for water scrubbing, the gases 
are returned to the high-pressure compressors to complete the com- 
pression and then passed upward through a scrubber similar to the 
water scrubber. A cuprous solution *^ is employed as the dissolving 
medium, the solution passing downward through the scrubber, 
countercurrent to the gas* The spent cuprous solution coming from 
the reservoir at the bottom of the scrubber passes on through pressure 
release vessels to a regenerating system where its carbon monoxide 
is removed by heat. 

No attempt is made to recover power from the copper solution as 
it leaves the scrubbers, since the energy requirement for pumping 
the solution is small. Regeneration may be done in vats under 
vacuum, where the solution is heated by steam coils to a suflScient 
temperature to expel the gas from the solution. Continuous regen- 
erators may also be constructed, using a tubular construction for 
heat transfer purposes, accomplishing the expulsion more economi- 
cally than is done by steam-heated vats. The composition of the 
solution may require readjustment before it is again used. 

Scrubbing the gas with the ammoniacal cuprous solution removes 
by reaction with the reduced copper any oxygen that may be present ; 
removes by combination with the free ammonia the carbon dioxide 
residual after the water scrubbing, as well as traces of other acidic 
gases that may have passed through the water scrubbers; and ab- 
sorbs nearly all of the 3 to 5 per cent of carbon monoxide in the gas. 
There is also dissolved about 1 per cent of the nitrogen and hydrogen 
which is liberated with the carbon monoxide during regeneration of 
the cuprous solution. The by-product — carbon monoxide — may be 
recovered for use in other processes or it may be injected into the 
conversion system to combine with steam to produce hydrogen. 

Refrigeration is of valuable assistance in the purification of the 
gas with cuprous solutions. The gas before entering the scrubber 
may be passed through coils cooled with brine, and the copper solu- 
tion on the way to the scrubber may be similarly cooled. Cooling 
does not greatly increase the absorption capacity of the solution at 
saturation, but it does decidedly decrease the carbon monoxide vapor 
pressure of the solution when it is but partially saturated. Thus 
refrigeration does not materially decrease the amount of solution 
to be used, but it does improve the purity of the gas at the exit of 
the copper towers where it is in contact with fresh solution. Table 
VIII gives the impurities in the gas leaving the copper system. 

•Loc. dt., p. 99. 
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Tabxj: VIII. — Impurities in ffos utter 0f4jHt>tM 9crubhing. 

Per cent. 

COa 

O2 

CO 0.1-0.01 

NH, ^ 0. 2-0. 01 

HaO 0. 02— less. 

X (CBU, argon, etc.) 1.0-0.5 

As in the water scrubbers, better scrubbing is obtained when the 
flow of the gas through solution occurs in a long tower with properly 
restricted cross-sectional area rather than through several shorter 
towers, with the flow either in series or in parallel. The towers 
should be equipped with suitable reservoir, level-control devices, 
and auxiliary equipment such as pumps, pressure-release vessels, etc. 

Both cuprous carbonate and formate solutions have been com- 
mercially used for the absorption of carbon monoxide from gases. 
There seems to be very little difference in absorptive power between 
the two, but there is considerable advantage in using the formate 
when stability of the solution is taken into consideration. A car- 
bonate will precipitate metallic copper while in use and will break 
down during its regeneration. 

The completeness of purification of the gases by copper solution 
is greatly improved by pressure. It i§, therefore, advantageous to 
operate the copper scrubbers at more than 25 atmospheres pressure, 
usually at the pressure at which synthesis is done. The increased 
pressure also permits the construction of smaller apparatus. EflS- 
ciency of purification by the copper solution is of considerable 
importance and minimum quantities of solution should be used on 
account of the cost of manufacture and regeneration. 

Attempts have been made commercially to remove most of the 
carbon monoxide by a concentrated hot caustic solution ^'^ ^* pre- 
liminary to the cuprous scrubbing. Carbon monoxide and hot caustic 
soda produce sodium formate directly. Chemically the carbon mo- 
noxide removal was satisfactory, reducing the 3 to 5 per cent inlet 
carbon monoxide down to under 1 per cent when the optimum caustic 
concentration of 10 per cent** was used at temperatures around 
200® C. However, the residual carbon dioxide in the gas causes a 
precipitation of insoluble carbonate from the solution. The me- 
chanical difficulties attending the use of hot caustic are also very 
great because of its corrosive action and the elaborate equipment 
required. The consumption of hot caustic under operating condi- 

»»Loc. clt., p. 99. 

»B. A. S. P., Brit, patent 1,759 (1912); U. S. patents 1,126,371 (1915); 1,333,087 
(1915) ; D. R. P. 254,043 (1911) ; D. R. P. 279,954 (1913). 

*F. A. Welder, **The Action of Carbon Monoxide on Caustic Soda," Dissertation, 
Karlsruhe, 1908 ; G. R. Fonda, ** The Action of Carbon Monoxide on Alkalies," Disserta- 
tion, Karlsruhe, 1910. 
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tions is prohibitive unless improved methods of recovery are de- 
veloped. 

Additional purification : After the cuprous scrubbing further puri- 
fication may be necessary, depending on the sensitiveness of the 
catalyst used for the ammonia synthesis. Where comparatively 
rugged catalysts are used, as in Germany, there are no steps taken 
to remove moisture or minute quantities of carbon monoxide which 
are retained after scrubbing. Where sensitive catalysts are used it is 
necessary that purification be carried to the furthest degree. This is 
true whether the gases be manufactured by the Bosch process or by 
electrolytic and liquid-air processes. In either case refrigeration 
should be utilized to remove most of the moisture, and some ma- 
terial, such as soda lime or sodamide,^* following the cooler, should 
be used to desiccate the gases. 

Electrolytic hydrogen and liquid-air nitrogen for synthesis to 
ammonia do not, of course, require the great amount of purification 
that the water gas requires. After deoxidation the mixture of elec- 
trolytic gas and nitrogen is ready for compression and then introduc- 
tion into the synthesis system through a suitable drier and filter to 
eliminate any remaining moisture or foreign substances which may 
have entered into the gas during compression. 

rf. Synthesis of ammonia. — Heat interchange and catalysis: The 
purified gas, consisting of about 3 parts hydrogen to 1 part nitrogen 
with 0.5 to 1 per cent of inert gases, such as argon and methane, 
passes into the ammonia synthesis system. The synthesis of am- 
monia in processes which operate at 100 to 200 atmospheres can be 
accomplished in one portion of a continuous circulating system by 
passing the nitrogen-hydrogen mixture through circulating com- 
pressors into heat interchangers and into the converter containing a 
suitable catalyst. The gases containing the synthesized ammonia 
return through the heat interchangers into another portion of the 
circulating system, where the ammonia is removed continuously by 
liquefaction or absorption, while the uncombined gas, together with 
additional gas mixture introduced to replace that synthesized, re- 
peats the cycle. The circulating system may also contain heaters at 
the inlet of the converter for maintenance of system temperature as 
well as gas meters, filters, temperature measuring devices, etc. 

Synthesis in processes operating at 600 to 1,000 atmospheres pres- 
sure and high temperature has been accomplished in a series of con- 
verters, residual gas passing from the first to the second, etc., with 
final rejection of any remaining uncombined gases. This method is, 
however, not desirable on account of the inefficient use of converter 
and on account of the loss of gas at the exit. The use of duplicate 
converters in this series means that each succeeding converter operates 

"•Loc. dt, p. 99. 
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on a lesser volume of gas. This might, of course, be overcome by the 
use of varying sizes of converters, but such a procedure would be 
very impracticable on account of the desirability for duplication of 
parts. In a combined circulating and series system in which only two 
converters would be used and with the large ammonia concentration 
obtained at these pressures, it would only be necessary to recirculate 
about one-third of the gas volume. Ammonia would be removed at 
the exit of each converter and the remaining one-third of the gas re- 
duced in pressure and injected into one of the intermediate stages of 
the compressors, where it would mix with fresh incoming gas and be 
recirculated. Operation at pressures as used by Claude offers the ad- 
vantage of smaller apparatus, although it must be of heavier construc- 
tion than is necessary for operation at the lower pressures. 

A process operating at 300 atmospheres or more should obtain an 
ammonia yield of 15 to 18 per cent. A circulating system, a ct)nverter 
series, or a combination of both, might be adopted, but it is likely that 
a circulating system is the more practicable. 

The reaction for ammonia synthesis is : 

N3+3H2=2NH3. 

The extent to which this reaction progresses depends upon the 
equilibrium of the system, which is a function of the temperature, 
pressure, and relative concentration of the constituents. As in carbon 
monoxide conversion, the equilibrium is more favorable at lower tem- 
peratures, although the reaction velocity is greatly decreased, and the 
catalysts become more sensitive to the action of impurities in the 
gases. The equilibrium is also favorably effected and the reaction 
velocity increased by a rise in pressure. The effect of comparatively 
large variation from the ratio of 3 hydrogen to 1 nitrogen is small, 
although the maximum ammonia concentrations and greatest reaction 
velocities are obtained with the theoretical mixture. Table IX shows 
the effect of pressure on the equilibrium of ammonia concentrations 
for the reaction in a 3 : 1 mixture.^^ The percentages shown for 500 
atmospheres have been obtained by extrapolation and are not abso- 
lutely accurate. They indicate the values closely enough for purposes 
of comparison. 

Table IX. — Equilibrium, NHt, per cent . 



Tempera- 
ture. 


30 atmos- 
pheres. 


100 atmos- 
pheres. 


200 atmos- 
pheres. 


500 atmos- 
pheres. 


• a 

400 
500 
600 
700 


Percent NH^. 

10.7 

3.6 

1.4 

0.7 


Per oerU NHa. 

25.1 

10.4 

4.5 

2.1 


PercerUNH:,. 

36.3 

17.6 

8.2 

4.1 


Per cent NH% 

52 

31 

17 

9 



« Loc. dt, 14, p. 96. 
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Keaction velocities are increased in the presence of a catalyst, so 
that a lower temperature with a more favorable equilibrium may be 
used. In practice the speed of the gas through the caltalyst is 
chosen so that the equilibrium concentration of ammonia is not 
reached. The activity of the catalyst and the rate of flow will control 
the actual ammonia yield. The catalysts for this reaction as a class 
are very delicate chemically,** and small amounts of carbon dioxide, 
oxygen, or moisture greatly decrease their activity, while carbon 
monoxide is also quite harmful. A catalyst which may be an excel- 
lent reaction promoter for pure gases will become a poor one in the 
presence of very small quantities of these impurities. It may, for 
instance, on test indicate a 15 per cent conversion on pure gas at 100 
atmospheres, but it can not be recommended for general use, since 
the different impurities in various commercial gas compositions will 
greatly impair its activity. The particular catalyst must be chosen 
for the particular gas composition with which it will come in con- 
tact. The catalysts are mainly of reduced iron with various pro- 
motors added *^' ^®' *®. The question of proper speed of the gas over 
the catalyst, that is to say, the space velocity at which a catalyst may 
be operated is of considerable importance. As the space velocity is 
increased, the percentage of ammonia in the exit gas is decreased, 
though not in as great proportion. Thus a greater total yield in 
weight of ammonia is obtained by an increase in space velocity. 

A large concentration of ammonia gives a large temperature rise 
over the catalyst due to the exothermic reaction. This is the important 
factor in the operation of heat interchangers and in the maintenance 
of temperature of the entire system. The percentage of ammonia 
given by the catalyst also controls the number of times a given 
quantity of gas must be recirculated before complete synthesis is 
obtained or, in the case of the French process, it governs the number 
of ^'converters through which the gas must be passed for complete 
synthesis. Therefore it governs the size of all the apparatus in a 
circulating system where such is used, and in the French system it 
governs the number of pieces of equipment necessary. 

With the present development of ammonia synthesis, tempera- 
tures of the order of 450° to 600° C. are employed. The reaction is 
exothermic to an extent sufficient to cause more than a 15° C. tem- 
perature rise of the gases for each per cent of ammonia produced. 
The temperature gradient thus developed across the catalyst is avail- 
able for maintaining heat interchange between exit and inlet gases 
through suitable interchanger apparatus. The heat evolved in the 
higher pressure systems, where large conversions are obtained, is in 

»'. »» Loc. cit., p. 99. 

* Greenwood, loc. cit., patents by de Jahn, Haber and Le Rossignol, Bosch and Nittasch. 
- » General Chemical Co. (de Jahn), U. S. patents 1,141,947 (1915), 1,143,366 (1915). 
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excess of that required and, therefore, presents the problem of cool- 
ing rather than of heating, but also makes possible automatic re- 
actions with small installations which are the more adaptable to 
manufacture of anmionia from small quantities of hydrogen ob- 
tained as a by-product in the chemical industry. With proper de- 
sign sufficient heat interchange surface and high conversion in the 
lower pressure systems, the heat evolved in the reaction may offset 
all the heat losses. The supply of additional heat to the system is 
an important and serious problem.'^ Heat may be added either for 
temperature maintenance during operation, or for starting either 
by internal combustion within the catalyst bomb or by the use of a 
heater which may be internal or external to the bomb. A combus- 
tion device may use oxygen (or pure air) and hydrogen (or reaction 
mixture) under pressure. The burner for combustion may project 
through the top of a converter maintaining the flame in the direct 
path of the gases just before they enter the catalyst bed. This 
method of supplying heat forms moisture and passes it on through 
with the reaction gases to the catalyst. Heat may be added to the 
system by the use of externally fired heaters placed at the inlet of 
the converter. Safety and efficiency is difficult to obtain in this type 
of heater on account of the temperature and pressure of operation. 
The most practicable method for addition of heat is by means of an 
electrical heater, preferably within the converter, by which the gases 
may be brought to any desired temperature. Such a device has the 
advantage of increased safety over externally fired heaters, oper- 
ates at much greater efficiency, allows no loss of pure hydrogen, pre- 
sents no difficulties due to moisture in the gases, and provides better 
temperature regulation. 

The ammonia equilibrium at operating pressures of 600 to 1,000 
atmospheres is so high that more heat than is necessary for tempera- 
ture maintenance is given off by the reaction. This heat must be 
extracted without affecting the strength of the apparatus or the 
effectiveness of the catalytic or reaction conditions. It presents a 
difficult problem, but one which Claude believes he has solved. An 
excess of heat at these pressures is in contrast with an insufficiency at 
lower pressures. The pressure at which an equilibrium between the 
heat given off and that generated may be obtained to keep the system 
at desired temperature is not strictly definable, since it depends 
entirely on the design of apparatus, control of operation, and on the 
quality of catalyst used. Temperature may be maintained at 100 
atmospheres and with conversions as low as 5 per cent, but the actual 
accomplishment requires complicated design and most thorough 
insulation of apparatus. With an increase in conversion due to 

»B. A. S. F., D. R. P. 259,870 (1911), 268,929 (1912). 
100676**— 22 ^9 
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increase in pressure or to better quality of catalyst, the problem of 
design becomes somewhat easier, although care must still be taken 
in maintaining proper temperature gradient throughout catalyst, 
unless one desires to accept an inef5k^ient use in volume of catalyst 
required. 

The effect of moisture on the catalyst is a point to be considered 
very seriously. Combustion resulting in production of 1 per cent of 
moisture will cause a rise in temperature of about 70° C. at the 
catalyst, but the activity of the catalyst will be materially decreased. 
In plants where water scrubbing or absorption is used to remove 
ammonia from the gases after synthesis, all the circulating gases 
carry some moisture. A type of catalyst must be used that can remain 
in action in the presence of moisture, but activity of a catalyst as a 
reaction promoter in such an atmosphere is greatly decreased and its 
optimum operating temperature is increased. Certain catalysts are 
rendered entirely unusable with moisture, while without it they are 
highly active and desirable catalysts. The ammonia equilibrium for 
200 atmospheres pressure and 600° C. calls for 17.6 per cent ammonia, 
but would probably make available 10 per cent ammonia with catalyst 
operating on pure gas. Actual operation with moisture would make 
available less than one-half this amount, and, further, the reduced 
reaction would decrease the generation within the' bomb and the 
temperature head across the heat interchangers, making it increas- 
ingly more difficult to maintain temperature. It therefore becomes a 
question as to whether to use the more troublesome method of re- 
frigeration for ammonia removal, and by so doing benefit by the use 
of much more active catalysts in the dry gases, or whether to utilize 
the easier method (water absorption) and use less active catalysts in 
moisture-laden gases. 

Removal of ammonia and circulation of gas : There are two meth- 
ods just mentioned for removal of ammonia,^®» ^* one, by liquefaction 
and mechanical separation, the other by absorption of ammonia in 
water, Liquefaction delivers the product in the anhydrous form, 
while absorption delivers it as a solution, from which it may be desir- 
able later to free the ammonia by distillation. Removal by lique- 
faction causes no catalyst troubles due to moisture left in the gases. 
It, however, consumes more power than does removal by absorption. 

The ease with which liquefaction by cooling is carried on is deter- 
mined by the ammonia concentrations and the synthesis pressures 
utilized. For instance, about —40° to —50° C. may be required to 
liquefy ammonia completely enough when pressures of 100 atmos- 
pheres are used; about —10° to —20° is required for the same effi- 

»» LiOB, dt, p. 99. 

aB. A. S. F., D. R. P. 235,521 (1908) ; D. R. P. 259,996 (1911) ; D. R, P. 270,192 
(1912) ; U. S. patent 1,202.995 (1916). 
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ciency of removal at pressures of 200 atmospheres, while liquefac- 
tion can be attained completely enough \vith water cooling when 
600 to 1,000 atmospheres are used. Very low temperatures are essen- 
tial in the lower pressure processes, especially when low conversion is 
obtained. Thus, if 4 per cent ammonia were delivered by the catalyst 
at 100 atmospheres pressure, with only —10® C. in the liquefier, nearly 
half of the ammonia would return to the catalyst inlet. For the 
low temperatures necessary in operation at 100 to ^00 atmospheres 
pressure, special designs and construction of refrigeration equipment 
are necessary. When employing liquefaction with a circulating sys- 
tem, at 100 to 200 atmospheres pressure, the gas containing the am- 
monia passes from the converter through the heat interchangers and 
into the liquefaction coils which are externally and separately cooled 
by a refrigerating system. The ammonia gas is liquefied and may 
then be removed by mechanical separators or traps at the exit of the 
liquefiers, while the gas, still containing some residual ammonia, 
passes back through interchangers and to the circulating pumps to 
repeat its cycle. The amount of residual ammonia in the gas will 
depend upon the temperature reached in the liquefier as is indicated 
in Table X.^^ Operating factors, of course, prevent achievement of 
liquefaction to the theoretical limit. 

Table X. — Vdpor pressure of liquid NHu 



Tempera- 


NHi vapor 


NHsataOO 


ture. 


pressare. 


atmospberes. 


•c. 


Atmoipheres. 


PfTcent. 





4.2 


2.1 


-10 


2.8 


1.4 


-20 


1.83 


0.91 


-30 


1.16 


a58 


-40 


0.68 


0.34 



To maintain temperatures of —40° C. or less as required for opera- 
tion of a lOO-atmosphere plant it is necessary to expand the refrigerat- 
ing ammonia to a considerable vacuum, and it is required that the 
compressors operate at that vacuum on the suction stroke. Thus, if 
ammonia is used as the refrigerant, two-stage compression will be 
necessary. Standard machines operating with ammonia may, how- 
ever, be used, operating with compound compression of refrigerant 
for one low-temperature or second-stage liquefier, while another or 
first-stage liquefier may be operated within a nearly normal ice- 
making cycle. Carbon dioxide could be used as a refrigerant ma- 
terial in ammonia synthesis systems, but its use would present no 
advantages over the more commonly used ammonia refrigerant, 
and it would have the disadvantage of operation at higher pressures. 

"G. A. Goodenough : Properties of Steam and Ammonia (J. Wiley & Sons (Inc.) (1015). 
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Carbon dioxide compressors would also be somewhat moire compli- 
cated than the ammonia machines. 

The removal of condensed anmionia from high-pressure gas is 
difficult, since the condensate is partially in the form of a fine mist 
which is difficult to precipitate or agglomerate. In the separation 
of water from steam, we are involved with specific gravity ratios of 
150 to 1 while, in the case of ammonia and high-pressure gas, the 
ratio is 15 to 1. Thus, ordinary steam separators are not suitable. 
High velocities, low friction of the gas stream over the seiJarating 
surfaces, and immediate removal of the separated liquid from con- 
tact with the gas are essentials of a good separator. 

If absorption of the ammonia be the method of removal, the gas 
ihixture, still under pressure, is scrubbed with water. This is best 
done in several stages with efficient cooling throughout, since the heat 
of solution is very considerable. The absorption apparatus may con- 
sist of scrubber towers similar to the cuprous scrubbers, or it may 
consist of water-cooled coils through which the gas and absorbing 
water are forced in intimate mixture. The water may be discharged 
with an ammonia concentration corresponding to commercial aqua 
ammonia, or even higher if desired. The uncombined gases leave 
the absorbers and are recirculated to the heat interehangers and 
converter. 

. The high-pressure gas in passing through the absorber system 
gives up most of its ammonia to the water, only about one-fourth per 
cent remaining in the gas. This ammonia content will depend on 
the temperature at which the last gas stage of absorption was main- 
tained and on the ammonia concentration of the aqua emerging from 
this last stage together. with the gas. Evidently the more water 
used for absorption the less is the residual ammonia in the gas. 
However, the hydrogen and nitrogen dissolved and the power re- 
quired will increase with the increase of water, and this represents 
some small loss in the efficiency of the system. 

Circulating system in general : The circulating pumps are located 
between the liquefaction system and the converter, with " make-up " 
either preceding or following the pumps. , In the first case the pumps 
directly handle the "make-up" gas together with the circulating 
gas, but the total pressure of the system is higher by the amount of 
the differential pressure of the circulating system, since the " make- 
up ^ pressure is determined by the pressure of the purification 

system. 

The volumetric efficiency of circulating pumps is much reduced 
when they are operated without lubrication because of the large 
piston clearance necessary in such case. It is better to put rings on 
the pistons and where possible lubricate, and then, by filtration, re- 
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move oil in suspensicin from the gases before theiy pass on to the 
catalyst. 

The speed of circulation of the gases affects the operation of cata- 
lysts as before mentioned. Operating conditions, such as the use of 
new catalysts, better equipment, etc., permitting greater production, 
may make it desirable to increase the speed of circulation. Such 
increase may be limited by any of the following : (1) Insufl^cient heat 
transfer to maintain the temperature of the anunonia converter sets, 
(2) insufficient capadty of the purification system to supply the 
necessary gas for the increased yield, (3) insuffici^it capacity of the 
ammonia removal installation to take care of the increased yield, 
(4) excessive friction to gas flow in the apparatus of tike circulating 
system. 

The supply of* hydrogen and nitrogen Jbo the synthesis system 
should be in the average ratio of 3 to 1 tp avoid the accumulation of 
an excess of either constituent. The chemical composition of the sup- 
ply can be best controlled by analysis of the gases in the circulating 
system where the cumulative effect of any slight inaccuracy of ad- 
justment can be detected. The adjustment, if small, may be made by 
the injection of pure nitrogen or hydrogen obtained by liquefaction.^* 
It is well to run toward high hydrogen in the supply so that the 
adjustment may be entirely with nitrogen. Nitrogen may have a 
use other than for balancing the gas ratio. With a suitable shell con- 
struction, the nitrogen may be used to flush the inner walls of the 
ammonia converter, which otherwise are subjected to the deleterious 
action of hydrogen and ammonia. As previously stated, it is very 
difficult to maintain the proper gas ratio by regulation at the pro- 
ducers. The use of pure nitrogen for regulation is a much more sat- 
isfactory method of operation. 

The inert gases, methane and argon, are present to the extent of 
0.5 to 1 per cent in the " make-up " entering thes circulating systengi, 
and tend to accumulate as the hydrogen and nitrogen are being re- 
moved in the form of ammonia. Some method of removal of this 
accumulation must be employed. The silnple^t method for continu- 
ous operation is to allpw a fraction of the circulating gases to contii^- 
ually escape. Purging a quantity of gas from the circulating system 
equivalent to 10 per cent of the entering " make-up "gas will main- 
tain a concentration of ine^i; gases of 5 to 10 per cent. The effect of 
inert gases on the catalysts of ammonia is very decided, due to the 
lowering of the equilibrium, but, on the other hand, the loss of puri- 
fied hydrogen and nitrogen in the purge is costly, although the hydro- 
gen may be burned under boilers. In operation the choice as to the 
proper purge is generally fixed by the unavoidable leakage in the Sys- 
tem. Thus the leakage may never be below 10 per cent of the " make- 

.^ ■'■ ■ • ■ . -■■■■■■ ■ ■ ■ ■ !■ » 

"B. A. S. F.. D. K. P. 265,295 (1912), 1.075,085 (1913). 
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Up " gas, and therefore the concentration of the inert would never be 
above 5 to 10 per cent, and no additional purge would then be nec- 
essary. 

Construction of heat interchangers and converters is an important 
problem. The sizes of the shells is a function of the capacity and 
operating pressure of the system. They have been made as large as 
48 inches inside diameter and 40 feet long, the longer shells having 
been joined in the middle. They are made of hollow forged alloy 
steel, some with special forged alloy liners. The grain structure in 
castings is not sufficiently close to permit their use against nitrogen 
and hydrogen gases, and pressures of 100 atmospheres or more. 
Special attention must be given to the design of the joints at the 
heads of the shells so that they will remain tigl\t against the tre- 
mendous internal pressures and against vertical and lateral strain 
caused by differential temperatures in head, shells, and bolts. Hydro- 
gen at high temperatures and pressures readily diffuses through steel 
and within the steel combines with carbon to form methane, which 
is not diffusible, thus causing blisters and other dangerous imperfec- 
tions. Ammonia, at temperatures of formation or decomposition, 
has a powerful action on iron tending to completely break down its 
crystalline structure, probably by nitrification. Furthermore, the 
tensile strength, proportional limit, and other structural properties 
of steels rapidly and dangerously decreases with increase of tem- 
peratures above 300° C. Operation and various tests indicate that 
chromium vanadium and tungsten alloys, forged, best withstand the 
severe conditions.^*'**'" 

Some unique methods have been devised for the internal construc- 
tion of converters whereby the most efficient operating conditions 
are provided for the catalytic reaction. Proper temperature main- 
tenance arid temperature distribution for the reactions is one of the 
chief difficulties. For the low-pressure systems the heat evolution is 
often insufficient, while excess heat is one of the chief difficulties with 
the superpressiure systems. For the latter, the French claim to have 
a design of converter which is able to remove the excess heat and at 
the same time not interfere with the strength of the bomb or the 
reaction conditions for the catalyst. 

If the ordinary tube nest construction of heat interchanger be used, 
it should be made of small single tube of great length of path and 
with total cross-sectional area sufficiently small to allow considerable 
velocity of the gases without at the same time producing excessive 

friction. Nest constructions where one or two tubes are placed con- 

I ,,-..-,- . II-,,. . ■ 

»Loc. dt., p. 99. 
•*Loc. clt., p. 121. 

»B. A. S. F., D. R. P. 254,571 (1911) ; D. R. P. 256,296 (1911) ; D. B. P. 275,156 
(1911); U. S. patent 1,188,530 (1918). 
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centrically within another are not advisable on account of their very 
complicated and difficult construction, difficulty in repair, and on 
account of the frictiooi head set up when the constructions are f i^ulty. 
Special inlet and outlet connections from the nest and passing 
through the heads are essential to allow for expansions and contrac- 
tions due to temperature differences. 

Particular care in design must be taken throughout the entire 
system to allow for expansions and contractions due to changes in 
operating temperatures. On this account and because of the high 
gas pressure and temperature, special pipe fittings, valyes, etc, and 
provisions to take up expansions and contractions are required. The 
number of fittings should be reduced to the smallest convenient num- 
ber, and turns iii piping should be effected by use of bends rather 
than by use of ells, tees, etc., to keep system friction at a minimum, 
and to avoid possibilities of leaks, especially in the hot portion of 
the circulating system. 

Great economy may be effected by proper use of heat-insulating 
materials, A range of temperatures from 600® C. to —60° C. is 
found in this process. In most cases it is advisable to wrap the 
equipment with material, but, where the apparatus must be accessible 
at all times, it may be advisable to build removable forms of insulat- 
ing material, or in other cases to build heat-tight rooms, as, for in- 
stance, parts of the liquefying apparatus may be set up in rooms made 
of cork. 

Ammonia disposal: The ammonia which has been removed from 
a system by cooling and liquefaction may be dischai^ed into a high- 
pressure storage chamber, from which it may be piped to other parts 
of the plant for utilization, or it may be discharged into small cylin- 
ders for shipment. When the liquid ammonia is to be oxidized to 
make nitric acid, it may be expanded from the high-pressure system 
into a vaporizer, generating much refrigeration which may be utilized 
in the original liquefaction. 

When the product is in the aqueous form it may be stored in large 
tanks and utilized as desired or it may be shipped in tank cars. 

8. Leading: Plants of the World. 

a. German plants, — ^Two plants were built in Germany, one at 
Oppau with 110,000 short tons ammonia annual capacity, and one 
at Merseberg with 220,000 short tons capacity. These plants operated 
at 200 atmospheres pressure. Preliminary work was started on the 
Oppau plant in 1912, and by 1914 a pilot plant of about 10,000 tons 
annual capacity was in operation. The main plant construction was 
started in 1914, and capacity operation reached in 1917. The Merse- 
berg plant was built mainly during the war, and three-quarters of 
its rated capacity was in operation before the armistice was signed. 
Both plants were designed and built by the Badische Aniline und 
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Soda Fabrik after seTeral years of experimental and development 
work. The same company also operated Ute plants, although the 
Government aided them in many ways during the war. 

Primary central power for the Gennan plants is furnished by pro- 
ducer gas engines and steam turbine instaliationa In addition, tiiere 
are steam and gas engines for local power production at various points 
throughout the plant. High-pressure steam is furnished by water- 
tube boilers using principally lignite as fuel, although some of the 
boilers are equipped for burning tar and oil and others for producer 
ga& Low-presure steam is furni^ed by tubular boilers which are 
heated by gas-engine exhausts. There was some coke purchased dur- 
ing the war, but this was later to have been furnished by a coke-oven 
installation in the process of construction. Tl^ buildings are of 
substantial mill-type construction. The plants w^e well equipped 
with auxiliary facilities, such as machine shops, pipe shops, etc. 

6. American plants, — ^TwO plants have been built in the United 
States, one by the United States Government at Sheffield, Ala., and 
one by the Atmospheric Nitrogen Corporation at Syracuse, N. Y. 
The plant at Sheffield was built as a war emergency measure in 1917. 
Its rated annual capacity was 11,000 short tons of anhydrous un- 
monia and its operation was at 100 atmospherels pressure. It fol- 
lowed generally the German Haber process, but its Construction was 
based directly on experimentation, and designs developed by the 
Gwieral Chemical Co. over a preceding period of several years. Ex- 
perimental operation of the gas and purification systems was started 
in June, 19i8, and of the synthesis system in Sept^nber, 1918, but 
continuous operation was not realized up to the time the plant closed 
in January, 1919. The plant consists of a water-gas plant, ammonia- 
process building, power house, and auxiliary facilities. Buildings 
are of substantial brick and steel construction. Electric power was 
furnished by a steam plant which consumed bituminous coal. High 
and low pressure steam were furnished from the same power house. 

In 1920 the Atmospheric Nitrogen Corporation, formed by the 
General Chemical Co. and the Solvay Process Co.^ commenced con- 
struction of a synthetic ammonia plant at Syracuse, N. Y. The plant 
has a capaicity of 10 tons of anhydrous anunonia per day, and is con- 
structed in accordance with designs substantially similar to those for 
the ammonia process at United States Nitrate Plant No. 1, incorporat- 
ing, however^ such modification as trial operation at Sheffield in- 
dicated to be. necessary. 

The Syracuse plant consiirts of a steam-boiler plant, gas plant, con- 
version and process buildings, which are of substantial mill-type 
construction. The plant is laid out so as to be easily capable of ex- 
pansion, and is adjacent to the Solvay Co.'s soda process, which may, 
if it later proves desirable, utilize the by-product, carbon dioxide, 
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from the amino&ia plant. The cost of construction of this plant was 
about $4,000,000. In the initial operation the plant operated at more 
than rated capacity, and the corpora;tion is confident of continuous 
operation with only such interruptions as «re neotssary from time to 
time to eliminate mincjir troubles* 

c. Enfflish planiB.^*l!he British Oovemme&t in 1917 commenced 
work on the erection of a synthetic ammonia plant at Billingham, 
Durham, but only a small amount of > preparatory work was com* 
pleted when the armistice was signed and work on the plant was 
suspended. The Obvemmeoit has since turned oi^r the continuation 
of the work to a privaite corporation, Messrs. Brunner, Mond & Co.^ 
which has taken over th^ Government's leading engineers and chem- 
ists, and is now building a plant at Billingham for the manufacture 
of about 10 tons of ammonia per day, with provision for extension. 
The proce^ to be used is essentially a modification of the German 
Haber process, but has been worked out ^itirely without German 
assistance. There has been no other commercial construction of 
synthetic ammonia processes in England. 

d. French plants. — ^There have been no commercial plants for the 
manufacture of synthetic ammonia in France. The French have, 
however,'been quite active in the investigation of synthetic ammonia 
processes. M. Georges Claude conceived the idea of utilizing what 
he terms as " super " pressure for the combination of nitrogen and 
hydrogen to form ammonia, and has developed a semicommercial in- 
stallation operating at 600 atmosphers pressure and has patents cov- 
ering pressure up to 1,000 atmospheres. 

e. Italian plants. — ^Casale has developed in Italy a process which 

operates at 300 atmospheres pressure. A catalyst was found after 
long experimentation at the conclusion of the war, which, it is 

claimed, continued to function despite impurities found in hydrogen 
and nitrogen gases. Accordingly, the Italians constructed at Terni a 
plant with a capacity of 1,200 tons of ammonia per year. This plant 
uses electrolytic hydrogen produced by the energy obtained from the 
great waterfalls at Terni. Hydrogen is burned with 4iir to obtain 
nitrogen. The nitrogen-hydrogen mixture is heated attd passed un- 
der high pressure into a cylinder containing the catalyst. The am- 
monia produced is condensed by means of refrigerating apparatus, 
and is discharged into steel cylinders. 

4. Construction and Operating Costs. 

a. Costs in Germany. — ^The entire construction cost chargeable to 
the plant at Oppau, Germany, will total, perhaps, 250,000,000 marks. 
If the original pilot plant, the coke plant, the ammonia utilizaticm 
plants (i. e., ammonium sulphate, nitric acid, etc.), be neglected and 
corresponding reductions made in the general facilities investment, 
the cost chargeable to the manufacture of ammonia alone* is estimated 
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at about one-half the entire cost, or some ISS^OOO^OOO marks^ which 
may be divided, about one-third for buildings and ccmstmetion and 
two-thirds for equipment and machinery. The former includes build- 
ings, foundations, roads, tracks^, and all genial construction; the 
latter covers special equipment or machinery %nd includes its installa- 
tion cost. This is an estimate of actual prewar (1914) cost and would 
mean an investment of about $270 per annual short ton of ammonia 
capacity, or $100,000 per daily ton. This cost is applicable only to 
the conditions existing in Germany in 1914. The .construction costs 
in 1916 at Merseberg showed an increase of more than 50 per cent 
over the Oppau figure, due to the rising labor and material charge. 
The 19l7 estinuite, based on. the construction costs for the last one- 
fourth capacity of the Merseberg plant, showed an increase of 150 
per cent over the 1914 figure (1914, $270; 1916, $400; 1918, $700). 
The estimate below gives the cost of ammonia per ton, as produced 
at Oppau in the form of aqua in 1914-15, at the time the plant was 
developed. The cost in German marks for 1918, based on Merseberg 
experience and prices then e:iisting^ may be taken at abput two and 
one-half times the 1914 figure. Any figure which might be given 
for post-war conditions would be, to a large extent, meaningless in 
view of the unsettled conditions and the prevailing rates of exchange. 

Plant production cost per ton of ammonia at Oppau, Q^rmany, in 19H, 

Labor operating : Marks. 

85 enginers, at 10,000 marks per annum ! 3. 2 

66 man hours per ton, at 0.6 marks per hour 39. 6 

42. 8 (110.27) 

Fuel: 

2 tons coke, at 20 marks*-* : 40. 

1 ton coal, at 15 marks 15. 

2 tons lignite, at 10 marks 20. 



75. ($18. 00) 
Plant upkeep : 

Repair and maintenance, at 6 per cent*.* . : 68. 2 

Depreciation and amortization, at 6 per cent . 68. 2 

Development and obsolescence, at 4 per cent — 45. 5 



181. 9 ($48. 66) 
General works expense : 

Unclassified expenses, 10 per cent of above ^ 90. 

Incidental materials, 5 per cent of above .** 15. 

45.0 ($10.80) 
Fixed charges; 

Interest, insurance, taxes, at 9 per cent ***. 102. 3 ($24. 55) 



Total production cost per short ton 447. ($107.28) 

Total production cost per pound NHt 0. 2236 ($0. 364) 
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6. Costs in Americti, — ^The total cost chargeable to the manufac- 
ture of ammonia at United States Nitrate Plant No. 1 would have 
been approximately $8,000,000 to complete the plant in a most sub- 
stantial manner to a capacity of 11,000 tons of ammonia per year. 
This figure represents an estimate of the cost under emergency con- 
ditions and may be reduced to almost half of that amount to repre- 
sent pre-war costs. Thus the pre-war cost per annual ton of ammonia 
in this country would have been about $400, or possibly less, which 
compares quite favorably with the German costs. The same plant 
could probably be reproduced to-day at not more than $600 per an- 
nual ton. 

Operation of this plant was of an intermittent nature and with 
production at no time approaching rated capacity, so that it was im-» 
possible to obtain proper costs for actual operation. The present- 
day investment cost per annual ton of ammonia for a 11,000-ton per 
year water-gas ammonia plant may be assumed, from the above, to 
be $500. A comparative investment cost of ammonia made from 
electrolytic hydrogen would be $400 per annual ton. There follows 
a summarized comparative estimate of the cost of ammonia per ton 
by both methods of manufacture based on the above investment 
costs, which will be distributed to buildings and machinery in the 
same proportion as was done in previous estimates carefully made 
by the plant 1 section of the Nitrate Division for plants of the above 
capacity and operating at 100 atmospheres pressure. An allowance 
of 12J per cent on buildings, 16 per cent on electrolytic cells, and 20 
per cent on other equipment may be made for depreciation, amorti- 
zation, obsolescence, interest, taxes, insurance, etc., and 2 per cent 
on buildings and cells and 6 per cent on the equipment for repairs 
and maintenance. The individual percentages allowed here differ 
slightly from those in the estimate of German costs, but their ag- 
gregate of overhead charges is approximately the same for both es- 
timates. 

In the estimates referred to above, and from which much of the 
data for the following estimate has been taken, the construction 
costs for the water-gas ammonia plant were derived from actual con- 
struction costs at United States Nitrate Plant No. 1. The estimated 
cost of the plant using electrolytic hydrogen was largely based on 
the same construction costs, making due allowances and assuming 
that large-capacity cells would be installed. 
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Siunmarized eo9t9 per t^n ammonia, lOO-atmMphere plant. 



Rated capacity, annual (tons). 
Investmentper annual ton. . . . 

Costofbnildlngs 

Coat of cells 

Cost of otitaraqtdpment 



Operating materials: 

Coke, at 96 per ton 

Steam, at I0.S6 per ton 

Water, at 10.136 per 11 cubic feet . 

Catalysts 

Miscellaneous 



Process labor 

Supervision and administration. 

Qas generation 

Process 



Power, at 10.004 per kilowatt-hour: 

Operation... 

Hs and Nt generation 



General works expense: 

Labor 

Supplies 



Repairs and maintenance: 

Buildings 

Electric cells 

Equipment 



Contingendee: 10 per cent of above totals 

mterast , de^re^iami, amottlEatioEa;, taxes, etc.: 

Buildings 

Gdls...! 

Equipment , 



Grand total. 
Cost per pound... 



From 
water-gas 
hydrogen. 



11,000 
9600 

960,000 



4,650^000 

Ptfton 
amviotUa, 
$16.00 
8.60 
3.28 
4.68 
1.00 



32.46 



3.20 

5.18 

16.23 



24.65 



10.05 
.58 



16.63 



12.80 
6.86 



19.75 



1.75 



22.45 



115.04 



1L60 
12.35 

'si'To" 



95.05 

222.58 
.111 



From 
dectndytic 
hydrogen. 



11,000 

140 

650,000 

901,000 

2,890,000 

Per ion 
ammottta. 



12. IS 
1.S6 
4.40 
1.00 



9.09 



3.29 
1.60 
9.36 



14.45 



9.75 
60.80 



70.55 



12.65 
5.65 



18.30 



1.18 

1.6S 

12.95 



15.76 



128.15 



at: 



12.81 

8.46 
12.30 
51.80 



72.56 

213.52 
.107 



The above calculations for. the consumption of oporating material 
have been based upon expermce at United States Mti^te Plant No. 1 
durin<; the trial operation and on engineering experience in related 
processes to-day. 

Labor charges were: developed by meanis of a complete organiza- 
tion chart for (^)eration'with both water«>ga6 hydrogen and electro- 
lytic hydrogen. The general works expense, which includes adminis- 
tration, general charges, etc., was developed in the same mannei^. 

The preceding estimate for operation with electrolytic hydrogen 
assumed the installation of 10,000 ampere cells, which, in comparison 
to standard cells for the same production of gas, represents a de- 
creased investment of approximately 1 to 4. Thus the initial invest- 
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ment for a syntiiietic process utilizing eleetrolTtic hydrogen would be 
smaller than for one utilizing water-gas hydrogen, with its necessary 
elaborate purification apparatus. Maintenance and repair costs for 
electrolytic cells, as well as depreciation and overhead costs would 
be of a much smaller order than for water-gas purifi^oation apparatus, 
mdy in addition, the operating-labor cost would be greatly reduced. 
The increased power consumption for the electrol3rtic hydrogen proc- 
ess as compared to the water-gas process may be completely or more 
than offset by the decreased inrestment and maintenance charges, 
together with the decreased labor and operating costs for the elec- 
trolytic production of hydrogen. 

The power charge in the comparison between water-gas and elec- 
trolytic hydrogen processes is of the utmost importance, since for 
the water-gas ammonia process the power consumption is small, a 
little more than 4,000 kilowatt hours i>er ton of ammonia, while the 
consumption for the electrolytic hydrogen ammonia process is a little 
more than 17,000 kilowatt hours per ton. The following table indi- 
cates the costs of ammonia per pound when power rates are taken at 
3, 4. 5, and 10 mills per kilowatt hour. 

c. Arrmionia costs at varying power rates. — 



Power reta 

per kQowatt 

hoar. 


Water-gas hydrogto 
process. , 


Kleetrolytic faydrogen 
process. 


Power per 

too 
ammooJa. 


Total ooet 
perpoand 
ATnntflnia. 


Power per 

ton 
sBmnBia. 


Total eo8t 
per pound 
ainnumia. 


10.003 
.OOi 
.005 
.010 


tl2.49 
16. 6S 
20.80 
41. «0 


10.100 
.1113 
.1160 
.12S 


152.92 
70.55 
88.15 

17B.30 


10.097 
.1067 
.1180 
.1648 



Power at 5 mills will produce ammonia at an equal cost of $0,116 
per pound by the use of either water gas or electrolytic hydrogen. 
When power is less than 5 mills, the electrolytic hydrogen process 
becomes the cheaper, while it becomes the more expensive when 
power costs are taken at more than half a cent a kilowatt hour. It 
is not exactly proper to comp^.re these two processes at the same 
power rates since the water-gas process uses only ope-fourth as 
much power as does the electrolytic hydrogen process. The estimates 
* are based on motor-driven compressors, which if steam driven would 
reduce the power consumption in the water-gas process by about 
one-third, and would make it still less important as an electric power 
consumer. The cost of ammonia may, therefore, be tajken in accord- 
ance with available. power rates. 

It will be seen from the above estimates that the cost per pound 
of ammonia produced in a direct synthetic plant utilizing water- 
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gas hydrogen and built in America under present conditions can 
not be less than $0.11 per pounds which figure is based upon power 
rates probably lower than can be obtained far a water-gas hydrogen 
system, and which does not include any costs for sale and distribu- 
tion of product. It may be seen, on the other hand, that the cost 
per pound of ammonia for a plant utilizing electrolytic hydrogen 
with power at 4 mills per kilowatt hour is a little more than $0.10 
per pound, which figure is not too low, since an electrolytic hydrogen 
installation would not be utilized except in connection with a large 
water-power installation or where cheap off-peak power could be 
obtained. 

In the present stage of development of the direct synthetic am- 
monia process an allowance of 20 per cent on equipment, including 
6 per cent for interest, IJ per cent for insurance and taxes, 7^ per 
cent for depreciation and amortization, 5 per cent for development 
and obsolescence, may be considered a low figure even when an addi- 
tional 5 per cent is allowed for maintenance and repairs. The esti- 
mate may be varied to suit opinion in these matters. The preced- 
ing estimates indicate that the costs per pound of ammonia in Amer- 
ica to-day are about twice as great as they were in Germany in 1914. 
This may be attributed to the fact that the German labor costs in 
1914 were about one-fourth as much as present-day American labor 
costs, and that their material costs were much less than they are now 
in America. Fixed charges, however, in both countries are approxi- 
mately the same under normal exchange rates. 

It is too early to obtain any costs from the operation of the Syra- 
cuse plant, and no further figures are available in regard to cost of 
construction or operation of foreign plants. 

5. General Observations. 

It is evident from the foregoing estimates that for the synthetic 
ammonia process to be able to compete with the by-product coke- 
oven industry, considerable decrease in production cost must be made. 
A study of the costs indicates that improvements in efficiencies at 
different steps of the process with corresponding slight reductions in 
fuel, labor, or power consumption, will not in any large proportion 
accomplish the desired reduction, because the overhead charges are 
equal to at least one-half of the total production cost. Any great sav- 
ing must be accomplished by the use of the by-product carbon dioxide 
or oxygen from the process or by a reduction in the investment 
costs. Some reduction in investment per unit production could be 
obtained by plants of very large capacities, but as long as these plants 
consist of multiple items of apparatus, each of comparatively small 
capacity, such reduction of investment cost can be only of a secondary 
order. Any large reduction in the investment must presuppose 
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fandamental modification of th« process as now installed, whether 
in Germany, in the United States, or elsewhere. Such changes must 
be basic in character and represent definite reduction in the quantity 
and consequently in the cost of equipment necessary for operiation. 
These advantages are claimed by M. Claude in his 1,000-atmosphere 
process, but he must yet demonstrate the practicability of continuous 
operation over a long period of time. 

The outstanding, economic advantage in the water-gas direct syn- 
thetic ammonia process over any other process so far developed is its 
comparative independence of raw material, power, etc. It consumes 
coke and power in such small amounts that an installation may be 
operated in almost any community, the location of which may be 
dictated by considerations other than sources of raw material, power, 
etc. A plant of this type, wherever placed, would have practically no 
effect on the industrial conditions of the community, no matter how 
stressed they were for other reasons. 

The electrolytic hydrogen direct synthetic ammonia process, on 
the other hand, should involve a smaller initial investment ; and if 
the plant were placed near some source of water power, it would be 
completely independent of raw material and supplies. Such a plant 
could be erected in a much shorter time in case of an emergency 
than could a plant using water gas purified by the Bosch system. 
The preliminary or development stage of operation in an electro- 
lytic plant would also be shorter, due to its fewer steps in purifica- 
tion. An ammonia plant using electrolytic hydrogen could, with an 
additional investment in cells and holder capacity, be made to oper- 
ate on daily off-peak power, of which there should be considerable 
available in the United States, and which could be purchased at very 
low rates from hydroelectric power stations. A process using either 
water gas or electrolytic hydrogen with the fundamental advantages 
above mentioned, which other processes do not have, is particularly 
worthy of energetic development, because it is one of the most im- 
portant and valuable steps in national defense, and at the same time 
it is a most useful power in industry, one which will become more 
and more useful, and in greater demand in this country when the 
price of natural nitrates increase, and when the western farmer 
begins to seriously realize, as the southern farmer now does, that his 
land requires revivification if profitable crops are to be grown. 

It has been said that the development of the direct synthetic am- 
monia process is the greatest of chemical engineering problems. 
There is no reason, however, with thorough cooperation of those fol- 
lowing and aiding in the development, why the process can not be 
successfully developed in this and in other countries as well as in 
Germany. Successful development demands such improvements or 
modifications as are necessary to overcome the present troublesome 
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uiechanical difficulties, and operation eoonomically enough to com- 
pete with other methods of ammonia production* 

C. ARC PROCESS. 
1. Introduction. 

o. NaturaZfioi^ationby the arc process. — ^The fixation of atmospheric 
nitrogen, in the form of nitric acid, by the action of electrical storms 
takes place in nature on an enormous scale. Although the lightning 
discharge is probably no more efficient in the production of nitric 
oxide than is the commercial arc process, yet it is estimated that by 
this means in the neighborhool of a hundred million tons of nitrogen 
are fixed and carried down to the earth's soil every year by the pre- 
cipitation of rain, snow, and hail. This is far greater than the 
amount of nitrogen used annually in artificial fertilizers. Unfortu- 
nately, however, the nitrogen fixed in this way is not returned to the 
earth at the time and place most conveni^it to man. 

&. Commercial fixation by the are process. — The commercial electric 
arc process for the fixation of nitrogen consists in heating ordinary 
air to a high temperature by passing it through an electric arc. 
Under these conditions a small percentage of the nitrogen is oxidized 
to nitric oxide. The oxide thus formed is preserved by cooling it so 
quickly that its decomposition, which proceeds rapidly at high 
temperatures but only slowly at lower t^nperatures, is practically 
inhibited. The dioxide formed by the further oxidation which takes 
place spontaneously at low temperature is then absorbed in water 
to form nitric acid. 

A large amount of energy is expended in the initial oxidation step, 
part of which is necessary for heating the air to the reaction tempera- 
ture and part of which is absorbed by the chemical reaction itself. 
A portion of the hesX in the gas is later recovered and used for con- 
centrating the acid and salt solutions produced, ^^^ ^^ss than 2 per 
cent of the electrical energy consumed in the arc furnace is present 
as chemical energy in the final product. 

c. Course of development. — ^Although the process as just outlined 
is extremely simple, it required a century and a quarter to develop 
it to its present commercial state. 

Many workers from the time of Cavendish to the present have 
considered the process and have added fragments to our existing 
information concerning it. Attempts toward the commercial utili- 
zation of the process were made by Mme, Lefebre in 1859, by Mac- 
Dougal and Howies in 1899, and by Bradley and Lovejoy in 1902, all 
of which failed. It was made evident, however, by these attempts,- 
particularly by the work of Bradley and Lovejoy, that the arcs must 
be spread out in order to get the best results. 

The first, conmiercially successful experiments were carried out by 
Birkeland and Eyde in Norway in 1903. They took advantage of 
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the well-known pbenomwon of the deflection of en arc by pieans of 
a magnetic field at right angles to it in order to spread the arc 
through the gas. It was found that a furnace utilizing this effect 
could be built in such a rugged manner and in such a large unit that 
its commercial application was assured. The industrial develop- 
ment of the Birkeland and Eyde process has been extraordinarily 
successful. 

Many other furnaces have been suggested and tested, but only a 
few have been able to compete with the Norwegian type. Of these 
few, the Schonherr and the Pauling furnaces are the only ones 
actually used in large industrial plants. In the first of these fur- 
naces a steady and very long, slender arc is maintained, while in 
the latter the arc is spread by a blast of air directed against it. 

2. Chemistry of the Process. 

a, Formatian of nitric oxide. — The fundamental chemical reaction 
involved in the arc process is, 

N,+0,=2N0 (1) 

This change is accompanied by an absorption of heat from the sur- 
roundings equal to 43,200 gram calories. Since the specific heats of 
the products and reactants in the system are nearly the same and 
vary in the same manner when the temperature is changed, tiiis 
absorption of heat is practically the same at all temperatures. 

If the formation of nitric oxide (NO) be considered as a purely 
thermal process, the equilibrium conditions may be expressed in 
terms of the partial pressure of the gases by the equation, 

where K is the equUibrium constant which must be determined ex- 
perimentally. K, as a function of the absolute temperature T, is 
given approximately by the equation, 

log K , ^^, 9426 

-|j— 1.091 ^- (3) 

The constant term in the above expression may be somewhat too 
large. 

A consideration of equation (2) shows that the proportion of 
nitric oxide in the equilibrium mixture is independent of the total 
^s pressure, provided the ratio of nitrogen and oxygen remains 
(xmstant. However, the proportion of nitric oxide d^)ends upon the 
relative amounts of nitrogen and oxygen and is a maximum in a 
mixture of equal . parts of nitrogen and oxygen at any given tem- 
perature. This equilibrium value at all practicable temperatures ia 
about 25 per cent greater than the corresponding value for air, which 
is about four-fifths nitrogen and the rest oxygen. 

100676'— 22 ^10 
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From equations (2) and (8) it follows that nitric oxide will be 
present in an equilibrium mijcture to the extent of 2 per cent by 
volume, when air is heated to a temperature of about 2,300® C, 
while at 3,300** C. the amount of nitric oxide will be approximately 
6 per cent by volume. 

The rate at which this equilibrium condition is actually attained 
in such a gaseous mixture will depend upon the specific reaction rate 
of the formation and decomposition of the nitric oxide. 

The rate of change of the partial pressure of nitric oxide at any 
instant is given by the equation, 

^-l(P^P«)--k,(PKo)' (4) 

where PNj and Po, are the partial pressure of nitrogen and oxygen 
at the instant in question and k^ and kj the specific reaction rates 
of the formation and decomposition of nitric oxide, respectively. 

An examination of this equation from the kinetic point of view 
shows, as already pointed out from the equilibrium point of view, 
that the process can be carried out most favorably at any given total 
pressure when the partiail pressures of oxygen and nitrogen are made 
the same. 

The value of k, in equation (4) has been experimentally determined 
over the temperature range 689° C. to 1,750° C. The results are 
approximately represented by the equation 

logiok, = - 8.969 + 0.005635 T (5) 

k 
From equations (3) and (5) and the relation K =^ the following 

equation for kj as a function of the temperature is readily derived : 

logiok, = - 7.8V8 4-0.005635 T-^^^ (6) 

From these expressions the rates of formation and decomposition of 
nitric oxide in any given mixture can be calculated. The case of 
interest. is air in which P^, = 0.8 atmosphere and Po2 = 0.2 atmos- 
phere. Substituting these values in equation (4) we obtain 

^ = 0.16k, -k,(P^o)' ' (7) 

From which P^^o ^^ ^^7 instant can be determined by making mse of 
^nations (5) and (6) . If r^ is the ratio of the pressure of nitric oxide 
at the time t^ to the equilibrium pressure and r^ is the corresponding 
ratio at the time tj, then the solution of equation (7) can be given in 
the form 

ln(l+^«)- ln4±f^ = .8Kik,(t,-tJ (8) 
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The interval of time (tj-ti) in minutes required for producing or 
decomposing any given proportion of the equilibrium value of nitric 
oxide at a definite temperature can be calculated from the above 
expression. For example, in the special case of pure air at 1 atmos- 
phere pressure and 2,300^ C, it will require, according to this equa- 
tion, about 0.01 second for the formation of 80 per cent of the 
equilibrium amount of nitric oxide, while about one-half of this time 
will be required for 200 per cent of the equilibrium amount of nitric 
oxide to decompose to 120 per cent of its equilibrium value. As the 
temperature is increased the decomposition rate becomes very much 
faster than the rate of formation. From this it appears that at the 
high temperatures of the arc the reactions are so rapid that equi- 
librium conditions must almost prevail even though the air is moving 
through the arc at a high velocity. Moreover, if the equilibrium 
amount of nitric oxide is to be preserved at ordinary temperatures 
the gaseous mixture must be cooled with extreme rapidity. Certainly 
this rapid cooling must proceed down to a temperature of 1,600° C. 
or less, where the decomposition of nitric oxide is relatively slower. 
Further cooling can be accomplished more gradually without much 
loss of nitric oxide. 

An exact calculation of the yield of nitric oxide which may be the- 
oretically expected per unit amount of energy (kilowatt hour) sup- 
plied to the gases can not be made because the conditions which pre- 
vail in the arc are not known with sufficient definiteness. It will be 
interesting, however, to calculate in round numbers the yield of 
nitric oxide per kilowatt hour in the simple case of air heated to a 
temperature of 2,300"=* C. At this temperature, as stated before, the 
equilibrium concentration of nitric oxide is about 2 per cent, which 
is the maximum concentration obtained commercially. As seen 
above, the equilibrium will be obtained under these conditions in a 
small fractional part of a second. Evidently, energy must be sup- 
plied for heating the air from room temperature, say 20° C, to 
2,300° C, as well as for the heat of reaction. Suppose the molal 
specific heat of air at constant pressure as a function, of the absolute 
temperature T, to be given by the expression 

Cp = 6.5 + 0.001 T (9) 

In order to get 1 mol of nitric oxide at the concentration of 2 per 
cent, 50 mols of air must be used; that is, an amount of energy given 
by the expression 

Jr»2«oo 
I CpdT +21600 = 895,000 cal (10) 

20 

must be supplied per mol of nitric oxide produced. This corre- 
sponds to the production of 60 grams of nitric acid (HNO3) P^^ 
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kilowatt hour, which is not far from the average commercial yield. 
Although the conditions in the arc are undoubtedly somewhat differ- 
ent from those assumed in the abore calculation it shows that the 
processes are equivalent to heating all the gas to a uniform temper- 
ature at about 2,300^ 0. or over and then cooling it so that the 
equilibrium amount of nitric oxide is preserved. 

In the above calculation it was assumed that all of the air was 
heated to 2,800° C. and then suddenly codied in order to "freeze" 
the nitric oxide formed. Actually, this cooling is brought about by 
the fact that only a part of the gas flowing through the furnace is 
heated to the high temperature of the arc filament, and this portion 
is chilled by mixing with the colder part which did not enter the 
arc region. If we take account of this fact it is possible to obtain a 
somewhat better picture of the actual process occurring in the arc 
than that calculated above on the assumption that all the air was 
heated to 2,300° C. and then cooled. 

Let us take the temperature of the arc filament in air to be about 
3,300° C, and let us assume that only one-third of the gas passing 
through the furnace is heated to this temperature, while no heat is 
directly imparted to the remaining two-thirds. Under these cir- 
cumstances the concentration of nitric oxide in the one-third of the 
gas which comes in direct contact with the arc will be 6 per cent, 

provided the equilibrium corresponding to 3,300° C. is attained. 
Hence, in order to form 1 mol of nitric oxide we shall have to heat 
16.66 mols of air to a temperature of 3,300^ C. ; that is, an amount of 
energy given by the expression 

rssoo 
16.66 Cp d T + 21600 « 466,000 cals. 

must be supplied per mol of nitric oxide produced. This corresponds 
to a production of 116 grams of nitric acid (HNO3) per kilowatt 
hour. Under the assumed conditions it should further be noted that 
the final concentration of the nitric oxide would be reduced to 2 per 
cent by dilution with the unheated air, and that the final tempera- 
ture of the issuing gas would be about 1,100° C. The actual process 
in the arc is, of course, not as simple as assumed to be, even in this 
latter case, and the yields per kilowatt hour and concentrations are 
lower than those just calculated. . 

From considerations such as the above it is obvious that the tem- 
perature gradient between the arc filament and the surrounding gas 
should be as steep as possible. In other words, nonuniform heating 
of the gas is desirable. Any heat imparted directly to the cooling air 
is lost, so far as the reaction is concerned, and this loss results in a 
decreased yield. 
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The possibility of preheating the gas which goes into the furnace 
by other than electrical means, with a resultant increase in yield, has 
sometimes been considered. Assuming air preheated to 1,000° C. 
and then subjected to an average temperature of approximately 
2,300° C, the yield would be about 98 grams HNOg per kilowatt 
hour, compared with the corresponding jfigure of 60 grams previously 
obtained. 

It must be noted, however, that such preheating would be at- 
tended by serious difficulties. In the first place, preheating would 
be limited by the fact that no suitable commercial material will 
stand continuous heating to more than about 1,000° C. Moreover, 
if 1,000° C. preheating were used, it would be necessary to mix the 
furnace gas with cold air in order to adjust the temperature to a 
safe value before the air entered the boilers or coolers. Such dilu- 
tion would necessitate much larger absorption apparatus, which is 
already an expensive part of the arc process plant. 

A great deal of effort and money has been expended in attempts 
to increase the furnace yields, but with little success. Some of the 
general conclusions from this work are as follows : 

The reaction which takes place in the usual electric arc furnace 
for the oxidation of nitrogen is primarily of a thermal character, 
and no electrical effects persist at the high temperatures of the arc. 

The concentration of the nitric oxide in the arc filament is about 
6 per cent. 

The temperature of the arc filament in air is about 3,300° C, in 
pure oxygen about 3,600° C, and in pure nitrogen 3,000° C. 

The best yield for the Birkeland and Eyde furnace at 1 atmos- 
phere gas pressure is about 72 grams HNO3 per kilowatt hour, cor- 
responding, apparently, to about 75 per cent efficiency. This yield 
could presumably be increased by enriching the air with oxygen and 
thus favoring the equilibrium, or by increasing the temperature of 
the arc, which in turn can be done by adding oxygen and increasing 
the gas pressure. None of these effects is at present used in any 
commercial installation. 

Over a considerable range of concentration water vapor in the 
air acts merely as a diluent and its effect on the yield can be pre- 
dicted from the mass action law. 

6. Oxidation of mtric oxide, — ^The mixture of air and nitric oxide 
which leaves the furnace at a temperature of about 900 to 1,100° C. 
must be cooled to approximately 50° C. before it enters the absorp- 
tion system, since the completeness of the absorption decreases rap- 
idly with increasing temperature. During this process of cooling^ 
which is accomplished in several steps, the nitric oxide is partially 
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oxidized to nitrogen dioxide (NO2) by the excess oxygen of the air. 
This reaction may be written 

2NO + 0,?:i2NO, (11) 

and proceeds with an evolution of heat (13,900 calories per mol). 
The actual course of the oxidation is undoubtedly more complicated 
than indicated by equation (11), since the reaction is actually found 
to take place somewhat more slowly the higher the temperature, a 
fact which can only be explained on the basis of intermediate reac- 
tions. It will not be necessary, however, to go into this mech- 
anism. 

In actual practice it is found that the oxidation indicated by equa- 
tion (11) begins at about 620° C. and is complete at about 130° C. 
However, the furnace gases are cooled so rapidly that only a small 
fraction of the nitric oxide is changed to nitrogen dioxide before 
its temperature has decreased to about 50° C. At this temperature 
the velocity of the forward reaction is so slow that several minutes 
are required for complete oxidation to take place. Usually the gases 
are passed through a large acid resistant chamber where the oxida- 
tion continues for a period of about IJ minutes before they enter 
the absorption system. After this time about 70 per cent of the 
nitric oxide is oxidized to nitrogen dioxide. Some of the remaining 
nitric oxide will be oxidized during its passage through the absorp- 
tion towers. 

It should be noted that below 140° C. some of the nitrogen dioxide 
will change to nitrogen tetroxide (N2O4). At 60° C. equilibrium 
between nitrogen dioxide and nitrogen tetroxide will exist when 50 
per cent of the dioxide has been changed. 

c. Absorption of oxides of nitrogen, — The absorption of nitrogen 
dioxide in water to form nitric acid takes place according to the 
following reversible reactions: 

2N0,+H,0 ?=iHN02+HN0, 
3HN0, ^ HNO, -f 2N0 + H,0 

or 

3N0, + H,0 ^ 2HNO3 + NO 

represents the resultant change. The nitric oxide (NO) formed in 
this reaction is then reoxidized by the oxygen of the air to nitrogen 

dioxide, which in turn repeats the above changes. 

The process of solution is also found to be influenced by the forma- 
tion of NjOg and its solubility in concentrated nitric acid, since it 
has been shown that the following reactions also take place: 

N0, + N02 <=^NA 
NA + HjO ?=^2HN0, 
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As the final result of the various intermediate reactions which go 
to make up the solution process, it is found in practice^ that when 
air containing 1 to 2 per cent of nitrogen dioxide is passed through 
water the nitric acid so formed reaches a limiting concentration of 
about 50 per cent at ordinary temperatures. At atmospheric pressure 
it is not possible to obtain a stronger add than about 68 per cent by 
the continued action of nitrogen dioxide and oxygen on water. 

The nitrogen dioxide in the arc gases may, of course, be absorbed 
more effectively by alkali than by water. For this reason, the water 
absorption towers of commercial plants are followed by alkaline 
absorption in order to recover in part the residual nitrous gases in the 
air. 

The action of pure nitrogen dioxide on alkalies results in practi- 
cally equimolecular proportions of nitrite and nitrate, as shown by 
the following equations : 

2NO,+2NaOH = NaNOa+NaNO^+H^O ( 12 ) 

If, instead of pure nitrogen dioxide, use is made of a mixture of 
equimolecular proportions of nitric oxide and nitrogen dioxide, it is 
found that this behaves as NgOj toward alkali, forming practically 
pure nitrite. Thus, v. , 

NO +NO, =N,03 (13) 

N203+2NaOH = 2NaN02+H20 

These reactions take place fapidly as compared with (12). For this 
reason the reaction (12) does not predominate even though the 
actual concentration of NjOg in the gases is very small, as is known 
to be the case. For these reasons it follows that a mixture of nitric 
oxide and nitrogen dioxide is more effectively absorbed than pure 
nitrogen dioxide by alkali. 

In actual practice a mixture of nitrite and nitrate is usually ob- 
tained and the nitrite later oxidized to nitrate by treatment with 
dilute nitric acid. 

In order to make the limited amount of pure nitrite which can be 
absorbed by the market, use is made of equimolecular proportions of 
nitric oxide and nitrogen dioxide in accordance with equation (13). 
A mixture of equimolecular volumes of nitric oxide and nitrogen 
dioxide may be obtained when the arc gases have attained a tem- 
perature of about 465° C. and a sufficient time has been allowed for 
equilibrium to be established, or when only partial oxidation has 
taken place at ordinary temperature. The first conditions are par- 
tially satisfied when the gases are absorbed in hot alkali, while the 
second condition can be maintained between the acid and alkaline 
towers by adjusting the absorption in the acid towers. 
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3. Am Plants. 

a. Typ4i 4>f furnace. — ^Birkeland-Eyde farnace : The furnace which 
18 at present most widely known is that due to Birkeland and Eyde. 
In this jhimace an alternating current arc is maintained between 
water-cooled copper electrodes which are placed between the poles 
of an electromagnet so that the direction of the arc is at right angles 
to that of the constant magnetic fields The magnetic field causes the 
arc to spread in semicircular form, first in one direction and then in 
the opposite direction, according to the direction of the current 
through the' arc. As the arc filament elongates under the action of 
the magnetic field and recedes along the electrodes, its electrical re- 
sistance increases, causing the potential difference between the fur- 
nace electrodes to rise. When this potential has risen to a high 
enough value a new arc will strike across the short gap between the 
ends of the electrodes, thus leading to the immediate extinction of 
the long arc. This process repeats itself so rapidly that the arc 
appears as a thin disk of flame in a plane at right angles to the line 
joining the poles of the magnet. 

The furnace is inclosed in a steel case so that it resembles a short, 
circular cylinder lying On its side. The inner surface of this cylinder 
is lined with fire-proof brick, leaving a cylindrical space about 6 
inches deep and 6 feet in diameter, in which the arc expands. The air 
' enters this arc region through perforations in the end brick wall and 
leaves through openings along the circumference of this region. The 
magnet is kept cool by the incoming air. The electrodes and fire-proof 
lining require occasional renewal. 

The arcs have a stabilizing action so that a relatively small series 
impedance is sufficient to regulate the current through the arc, which 
fact results in a high-power factor. 

It has been found that as the capacity of the furnaces has been in- 
creased their efficiency has also slightly increased. The yield is prob- 
ably in the neighborhood of 70 grams HNOg per kilowatt hour, or 
7.3 kilowatt years per metric ton of fixed nitrogen. The concentra- 
tion of nitric oxide is about 1.2 per cent, while the ' amount of air 
necessary is about 2.2m" per kilowatt hour. 

Furnaces of this type, with a capacity as great as 4,000 kilowatts, 
are used in Norway. 

The Schonherr-Hesseberger furnace: The Schonherr-Hesseberger 
furnace was developed almost simultaneously with the Birkeland and 
Eyde type, and has proved to be satisfactory for commercial installa- 
tion. A considerable number of them are in use in the earlier Nor- 
wegian installations. 

Essentially the furnace consists of four concentric iron tubes con- 
nected in such a way as to form a preheater for the air which enters 
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the system. In the inner tube or reaction chamber a long, steady arc 
is produced between an insulated electrode near the lower end and 
the water-jacketed ut>per end of the tube which serves as a grounded 
electrode. The air enters at the bottom between the two middle tubes, 
passes up to the top, and then down around the inner tube, which it 
enters near the bottom through tangential openings, then passes up 
through the arc region and finally out along the outermost tube, pro- 
ducing a counterflow between incoming and outflowing gas. The air 
is given a rapid spiral motion as it entets the reaction chamber 
through the tangential openings. The arc filament assumes a central 
position in the tube and remains very steady. The circulation of the 
air around it keeps the iron tube relatively cool, although the diameter 
of the tube is only 6 inches or 8 inches and the power input as much 
as 800 or 1,000 kilowatts. 

The problem of stabilizing the arc in this furnace is more serious 
than in the Birkeland and Eyde furnace, because there is no auto- 
matic way provided for reestablishing the arc should it be blown 
out. The arc is formed between the tube and insulated electrode by a 
special rod, which can be made to touch both simultaneously and can 
then be quickly removed ; the spiral air current causes the end of the 
arc filament to move rapidly up the side of the iron tube to the water- 
jacketed upper end. In large commercial furnaces the arc is some- 
times over 20 feet in length, so that special methods are necessary in 
order to kindle it. 

The furnace gases have a temperature of about 1,200"^ C. as they 
leave the reaction chamber, but only 800° C. at the furnace exit, 
since some heat is transferred to the incoming air in the process of 
preheating. The concentration of the nitric oxide is about 1.8 per 
cent, which is somewhat higher than in the Birkelahd-Eyde process, 
partly because less air is forced through the furnace by the compres- 
sors. The yield is about the same as for the Birkeland-Eyde furnace, 
although in this case there is a decrease in (he yield as the size of the 
furnace is increased beyond a certain point. 

Pauling furnace : In the Pauling furnace the arc passes between two 
water-cooled cast-steel tubular electrodes, which are set perpendicu- 
lar to each other and in a vertical plane. The arc starts between two 
thin blades which are attached to the electrodes at their nearest 
point. ' The distance between these blades is regulated so that the air 
gap is easily broken down by the applied electromotive force. As 
soon as the arc is formed the strong air blast which issues up between 
the electrodes blows the arc filament along the divergent electrodes 
until it is broken. The electrodes are about 2 inches apart at their 
base, so that the air can pass freely between 'hem. The blades are 
BuflSciently thin so that they do not offer an appreciable obstruction 
to this motion of the i icomin^ air. The arc has the appearance of a 
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vertical sheet of flame extending between the electrodes. Both the 
electrodes and the kindling blades require very frequent renewal, 
which can, however, be done without much labor. The arcs operated 
in series are inclosed in a single fireproof furnace. In addition to 
the tubes below the two sets of electrodes where the air enters, there 
is a gas passage in the wall separating the two arcs, through which 
cooled furnace gas is drawn. This gas serves to cool the gas which 
has passed through the arc without diluting the nitric oxide. The 
concentration of nitric oxide is about 1 per cent or less, while the 
yield is prbbably somewhat less than in the Birkeland-Eyde furnace. 
The temperature of the gas leaving the furnace is about 1,000° C. 
This is somewhat reduced in a preheater and in a tower filled with 
fire brick before the gas reaches the steam boilers. When a cooling 
tower becomes too hot, it is cooled by drawing air through it. The 
capacity of the Pauling furnace is about 600 to 1,000 kilowatts. 

Other furnaces : A large number of modifications of the above fur- 
naces have been suggested, yet in most cases there is not sufficient 
data to demonstrate that the modifications are significant. Moscicki 
and Wielgolaski furnaces, which are somewhat similar to the Birke- 
land-Eyde and Schonherr furnaces, respectively, are actually used in 
several small commercial plants. The arc plants in Washington and 
British Columbia use the Wielgolaski furnace. 

6. Recovery of product. — ^In all cases the nitric oxide and air mix- 
ture passes from the furnace through a fireproof brick-lined iron 
pipe to preheaters, steel boilers, and aluminum coolers. This cool- 
ing is thus accomplished in several steps. The cooled gas is then 
passed through acid and alkaline absorption towers. 

The accompanying flow sheet (fig. 5), although it does not cor- 
respond to any actual case, will serve to indicate certain facts con- 
cerning the process. The plan is not greatly different from that em- 
ployed in a unit of a large Norwegian plant, and as shown would 
have a capacity of about 25,000 kilowatts. It must be remembered, 
however, that the particular characteristics of the furnaces employed 
will determine to some extent the design of the plant. For instance, 
the higher concentrations of nitric oxide obtainable from the Schon- 
herr furnace would result in a smaller absorption system than that 
of a Birkeland-Eyde plant. Further, the flow sheet shows that in 
case of emergency certain parts of the plant could be shut down with- 
out overloading other parts unduly. The actual amount of such 
overloading which could be permitted is, of course, a question of 
engineering design. 

The water vapor originally in the air, or that due to boiler leaks, 
may cause appreciable amounts of acid to be formed, thus leading to 
corrosion of the boiler. This is reduced to a minimum, however, if 
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the temperatnre is not allowed to fall to a point where appreciable 
NO2 is formed. The air coolers which are shown as preheaters serve 
to heat the cold gas which enters the furnace and at the same time 
greatly reduces the chances for corrogion in the steam boilers, because 
with this arrangement the temperature of the gas before it leaves the 
boilers can be kept considerably above the point where oxidation of 
the nitric oxide is appreciable. When the gas has attained the tem- 
perature where acid may be formed, it is passed through aluminum 
tubes which are immersed in water. Even the aluminum is attacked 
by nitric acid under favorable circumstances, so that leaks which 
would allow water to enter the cooler must be strictly eliminated. 

Table I gives the temperature change in the different parts of the 
process as well as the gas pressure drop and the time of the gas m 
each section. These figures would apply approximately to a Birke- 
land-Eyde plant. 

Table I. 



Section. 



Furnaces 

Boilers 

Preheaters 

Aluminiun coolers. . 

Oxidation 

Acid absorption 

Alkaline absorption 



Temperature 
of gas. 


Pressure 


drop. 


•c. 


Inches water. 


25-1,100 


5.4 


1,000- 300 


4 


300- 176 


2.5 


17&- 40 


7 


40- 56 


1 


56 


17 


56 


7 



Time of gas 
in section. 



Seamis. 



1 



2 

30 

75 

190 

90 



The pressure drop in the various sections is maintained by power- 
ful blowers which may be placed as shown on the flow sheet. Since 
70 per cent of the nitric oxide is converted into NOj by the time the 
gas enters the absorption system, and 4 per cent of the total nitric 
oxide is lost through the stack, the gas will contain enough acid to 
cause corrosion of the blowers unless they are sufficiently acid re- 
sistant. 

The oxidation tower is acid resistant and large enough so that the 
gases remain in it for a period of 76 seconds. For a Birkeland-Eyde 
system this volume is approximately 0.005 m'* per kilowatt of furnace 
capacity. This section can not be considered as an absolutely essen- 
tial one since the absorption system is generally capable of recover- 
ing the fixed nitrogen even though the degree of oxidation of NO to 
NO2 as the gas enters the acid towers is not as great as 70 per cent 
The alkaline absorption can easily compensate for the decreased acid 
absorption, so that the loss would merely be the difference in the 
value of the product as nitric acid or sodium nitrate or nitrite. 

The absorption system consists of brick or granite towers about 
20 feet in diameter and 75 feet. high. These are filled with broken 
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quartz over which the water or alkaline soluticHi trickles in counter- 
current manner as the gas passes up through them. The relative 
number of acid and alkaline towers will, of course, be determined by 
the nature of the product desired. In the case illustrated on the 
flow sheet, 85 per cent of the fixed nitrogen ia absorbed as acid and 
15 per cent as sodium nitrate or nitrite. This im about the maximum 
amount of the product which could be economically recovered as 
acid. Pumps may be used for circulating the alkaline solution while 
the acid is raised from one tower to another by compressed air lifts. 
In Table II approximate values of the energy changes in the vari- 
ous sections of a Birkeland-Eyde plant are givini in terms of the 
energy supplied at the electrodes of the furnace. 

Table II. 



Section. 



Energy recelTed. 



Fiuoaee 

Bflflars 

Prtheater 

AlnminnTn coolers 

Oxidttlon 

Add oonoentration 

Alkaline ooncentraUou . 

Aoziliary Apparatus. . . 

Steam from boilers 



109 oonsuxned in arc, 2.6 In gas, 0^ 

In magnet windings. 
85 in gas, 7 in feed water. 

10.8 in outgoing gas 

14 in gas 

6 in gas 

4.5 In acid, 25 in steam made above 
1 in nitrate and nitrite^ 9 in steam 

made above. 
4 

75 



Energy given out. 



10 as* radiati<», 6 in elaotroda water, 87 in 

gas. 
3 as radiation, 72 in stean generatad* 17 im 

gas* 
2.6to inooming gas. 14.2 in gas. 
8 to cooling water, o in gas. 

28.3 in vapors driven off, 1.2 in acid. 

9.7 in vapors driven off, 0^ in sodium 

nitrate. 
0J2 blowers, 0.4 magnets, 1.6 otber auxU- 

iaries. 
40 steam tufbines, 33 ooncentrakiQa, 2 

boiler pumjis. 



From this it is evident that only a very small part of the total en- 
ergy delivered to the furnace is converted into xdiemical energy. 
For this reason the arc process has been forced to locations where 
power is dieap. 

Although sufficient information for a complete description of any 
commercial arc plant is not availaUe, nevertheless it will be instruc- 
tive to note the general tendency in arc process practice as mani- 
fested in the Norwegian plants. The plants are situated near Chris- 
tiana and all the power is obtained from a single river where the 
power developm^its have been exceedingly cheap. 

Starting with S^horsepower experiments in 1903, and a 150-horse- 
power plant in the same year, the Norsk-Hydro Co. has developed 
as follows : 

1904, 2 furnaces of 1,000 horsepower each near ArrondeL 

1905, 2,500 horsepower at Notodden. 
1907, 40,000 horsepower at Kotodden. 
1911, 55,000 horsepower at Notodden. 
1919, 60,000 horsepower at Notodden. 
1911, 145,000 horsepower at Rjukan I. 
1916, 145,000 horsepower at Bjukan IL 
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This rapid expansion is evidence of the fact that the Norsk-Hydro 
Co., which owns and operates the plant, has been a great financial 
success. The published accounts of the company seem to indicate 
that the capital stock, which has been increased manyfold since the 
beginning, is practically covered by reserves which have been built up 
even while the debts of the company have been amortized more 
rapidly than was anticipated. The guaranteed interest on preferred 
and common stock has always been paid, and in 1918 both stocks 
received 12 per cent. This was, of course, due to the prosperity 
caused by the war. Since 1905 most of the capital has been con< 
trolled by Norwegian interests. It was about at this time that the 
Germans became interested in the development of the Haber process, 
and for this reason most of their capital in the Norsk-Hydro Co. 
was withdrawn. 

The total output of the company is over 30,000 metric tons of fixed 
nitrogen per year. Most of the product is in the form of calcium 
nitrate made by treating limestone with the dilute acid from the 
towers. Ammonium nitrate and sodium nitrite and nitrate are also 
produced. The nitrite market is so limited, however, that most of 
the alkaline tower product is converted to nitrate. The greatest part 
of the product is consumed in Norway as fertilizer and is sold as 
Norwegian saltpeter. The company owns and operates its own rail- 
road, wharves, and warehouses on the seacoast. 

The electrical current used is in all cases 3-phase, 50-cycle at 10,000 
volts. At Notodden, Schonherr, and Birkeland-Eyde furnaces have 
been installed and developed simultaneously. In Sjukan I there are 
96 Schonherr furnaces of 800-kUowatt capacity each and 6 Birke- 
land-Eyde furnaces of 3,500-kilowatt capacity each. In the later 
deveilopment at Bjukan II all the 36 furnaces are Birkeland-Eyde 
of 4,000 kilowatts each. The condition of the patent rights of the 
Schonherr furnace may be partly responsible for the abandonment 
of the furnace in this installation. 

At Kjufcan II the 10 turbogenerator sets, 2 steam-generator sets, 
and 36 furnaces are all in one large permanent building. The gas 
is piped in 8 or 10 aluminum pipes 3 feet in diameter to a place about 
three- fourths of a mile along the river* Here are 60 granite absorp- 
tion towers, each over 20 feet in diameter and 75 feet high, and all 
inclosed in a single permanent building. The aluminum pipe lines 
serve both as a cooler and oxidation plant. The steam used for 
evaporation and concentration purposes is also piped the entire dis- 
tance of three-fourths of a mile. 

Other arc process plants are situated ias follows: 



KEPOBT OK FIXATION AND TTTIUZATION OF NITBOGEN. 147 



Place. 



Type of famaee used. 



Capacity, 

in tons. 

of fixed 

nitrogen 

per year. 



1. Rjokan and Notodden, Norway. 

2. Bodio, Switzerland 

3. LaRocbe de Rome, France 

4. Fierefltte, France 

5. Lepeoq, firance. 

6. Legano, Itaiy.. 

7. Near Borne, Italy 

8. Patsch, Austria 

9. Holdenstein, Germany 

10. Seattle, Wash., U. S. A. 

11. Yanooover, B. C 



Mostly Birkeland-lSyde; some Sdi5nherr. 

Mosdcki. 

Pauling 

Birkeland-Eyde 

Gnye.- 

Wariation of PaoUng 

Pauling 

Birkeland-Eyde 

Wielgolaski 



30,000 
700 

1,300 

0) 
1,200 

4,000 

300 
800 



1 Experimental plant. 

It is impossible to give complete data concerning the capital cost 
and operating expenses of any arc plant. An approximate estimate 
on a Birkeland-Kyde unit of about 25,000 kilowatts may be of in- 
terest It must be remembered^ however, that any such estimate is 
dependent upon so many conditions that strictly such figures can 
only be significant when all these factors are definitely known and 
considered. In Table III the percentages of capital cost of the 
chemical plant and its operating expense is given opposite each 
section of the plant. The power plant or power costs are .not in- 
cluded. Also the costs of concentration and conversion processes are 
not included. 

' w Table III. 



Section of plant. 



Furnace .' 

BoQers and preheaters 

Coolers 

Oxidation 



Percent 

capital 

cist. 



23 

8 
2 
1.5 



Percent 
tetiUop- 
. erating 
expense. 



35 

7 

6.5 

2 



Section of plant. 



Acid absorption. .., 
Allcaline absorption 

Blowers, etc 

Miscellaneous 



Percent 

capital 

cost. 



35 

8 

4.5 
19 



Pwcent 

total op* 

erating 

expense. 



15 
15 

7 
12 



The capital cost p€r ton of fixed nitrogen per year could under 
most conditions be covered by $700, while the operating expense, 
excludiiig power, w^lild probably be approximately $100 per ton of 
fixed nitrogen per year. Thus, if 12 per cent capital charges is 
added to the operating expanse, the cost of dilute nitric acid would 
be $184 per ton of nitrogen, exclusive of power. If the yield be 
taken as 7.8 kilowatt years per metric ton of nitrogen, it will be seen 
that power charges will equal all other charges if the power costs 
$24 per kilowatt-year. 

D. THE CYANIDE PROCESS, 

1. Desciii>tio]| of Process. 

a. Introd/uction, — The process for the fixation of atmospheric 
nitrogen in the form of cyanide consists essentially in heating to an 
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elevated temperature a mixture of the carbonate of an alkali or 
alkaline earth metal with carbon in the presence of nitrogen gas. 
The product is a crude cyanide usually containing from 6 to 10 per 
cent of nitrogen, depending on the nature and composition of the 
charge, and can either be treated to produce a marketable form of 
cyanide or subjected to the action of steam to produce ammonia. In 
either case the residue can be used again i|i the process. 

Researches on the synthesds of cyanides date back to at least 1784. 
About that time Scheele discovered that potassium cyanide could be 
made by heating a mixture of potassium carbonate and carbon to a 
high temperature in the presence of nitrogen. Numerous investiga- 
tions on the synthesis of cyanides have since been made, but the 
reactions involved are so complex that they are still not fully under- 
stood. In the various investigations all of the common alkali and 
alkali earth carbonates have been studied, but only sodium and 
barium carbonates are now generally regarded as suitable for cyanide 
synthesis from an economic as well as a chemical standpoint. 

In spite of the many attempts which have been made in Great 
Britain, France, this country, and elsewhere to estaMish the cyanide 
process on a commercial scale, its successful operation still remains 
to be accomplished. In connection with the appraisal of its com- 
mercial possibilities, however, it should be remembered that the 
process might be successfully operated to produce cyanide, in which 
the nitrogen has a comparatively high value, and still be commer- 
cially unsuccessful for the production of the much cheaper ammonia. 

The process involving the use of barium carbonate has been quite 
extensively investigated in Great Britain, but as far as is known no 
studies of any consequence have been made on it in this country. The 
barium cyanide process is briefly described in another section of this 
chapter (" Other Fixation Processes," E 5). 

Revival of interest in the sodium cyanide process in recent years 
as a nitrogen fixation possibility is due largely to the investigations 
of J. E. Bucher. His results are embodied in a aeries of United 
States and foreign patents beginning in 1914, and a summary of his 
investigations was published in 1917.** 

The particular method which Buoher. proposed for carrying out 
the process on a commercial scale has become known as the Bucher 
process, also commonly referred to in this country as the cyanide 
process. This process consists in briquetting an intimate mixture 
of finely divided sodium carbonate (soda ash), carbon, and iron; 
feeding the dried briquets into an externally heated, vertical retort 
in which the charge reacts with nitrogen at about 1,000® C. to. form 
sodium cyanide ; and then leaching the cooled product to dbtain the 

MJ. Ind. and Bug. Chem., 9: 233 (1917) ; see also U. 8. Patent No. 1.091.425. 
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cyanide or subjecting it to the action of steam to produce ammonia. 
The residue in either case is used again in the process. 

The commercial development of this process in this country was 
undertaken by the Nitrogen Products Co., who erected experimental 
plants at Saltville, Va., and at Greene, R. I. In 1918 the United 
States Chemical Plant No. 4 (hereinafter referred to as U. S. C. P. 
No. 4) was constructed at Saltville, Va. The general plan of this 
plant was similar to that of the Saltville plant of the Nitrogen Prod- 
ucts Co. and was designed to produce 10 tons of sodium cyanide per 
day. A description of this plant and process has been published.*^ 
The plant had been in operation only a few weeks when the war 
ended, and it has since been scrapped. During 1918 investigations 
on different phases of the process on a semicommercial scale were 
carried on by the Nitrate Division in the experimental plant of the 
Nitrogen Products Co. at Greene, R. I. 

The Air Reduction Co. has developed a modification of the cyanide 
process diflfering from the Bucher process principally in that (1) a 
much smaller proportion of iron is used in the charge, (2) a re- 
volving retort slightly inclined to the horizontal is used instead of 
the vertical retort of the Bucher process, and (3) the charge is not 
briquetted. A test run of this process was observed in 1918 by rep- 
resentatives of the Nitrate Division. 

The principal advantages which have been claimed for the cyanide 
process are: (1) Low temperature as compared with the arc and 
cyanamide processes, permitting the direct use of fuel instead of elec- 
trical energy and resulting in lower furnace-upkeep costs; (2) low 
fuel requirement; (3) comparatively inexpensive and abundant raw 
materials; (4) simplicity of process and hence low capital outlay; 
and (5) location less limited than the other fixation processes. That 
the process in its present state of development falls far short of the 
ideal cyanide process — one embodying all of the features enumerated 
above — will be seen from the following discussion. 

Although the cyanide process is still in the developmental state, it 
has received and is receiving so much attention in this country that 
it seems desirable to treat it more fully in this report than its present 
commercial importance might warrant. 

6. Chemistry of the process. — The chemistry of the cyanide forma- 
tion, a combining of sodium carbonate (soda ash) with carbon and 
nitrogen to form sodium cyanide, may be summarized by the equa- 
tion 

Na^COa-f 4C+N2+iron=2NaCN+3CO+iron-138,500 cal. (1 ). 
The reaction begins at about 900° C, or slightly lower, and is quite 



■^ Lun ■ ■> ■ ■ 



"MaJ. Chas. O. Brown, J. Ind. Eng. Chem., 11: 1010 (1919), 
100676**— 22 11 
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rapid at 1,000^ C. The upper temperature limit is about 1,100® C. 
It is believed that at this temperature the iron then begins to decom- 
pose the sodium cyanide, the reaction being the same as in the case- 
hardening of metals by sodium cyanide. 

The thermal relations involved in the process are particularly 
important. The equation shows that a large quantity of heat is ab- 
sorbed in the formation of sodium cyanide. Nevertheless, if it were 
possible to return to the process the heat of combustion of the carbon 
monoxide (CO) formed, there would be a positive heat balance of 
about 32,500 calories per mol of sodium cyanide, and hence the pro- 
cess could be regarded as exothermic. It is not possible, however, 
to burn the carbon monoxide in the reaction mass since sodium 
cyanide is oxidized more readily than the carbon monoxide. 

That the presence of finely divided iron in the charge promotes 
the formation of sodium cyanide has been quite definitely estab- 
lished. The reaction occurs with appreciable velocity at 1,000° with 
iron in the charge. A much higher temperature is required without 
iron, leading to loss of alkali, destruction of retorts, and high fuel 
consumption, which were the factors causing failure in the earlier 
attempts. The manner in which iron acts to catalyze the formation 
of sodium cyanide has not been clearly demonstrated. It is known 
that iron catalyzes the reduction of sodium carbonate to metallic 
sodium, which may be an intermediate step in the formation of 
sodium cyanide. According to Bucher, iron is also required to bring 
about the reaction of metallic sodium with carbon and nitrogen. 

Sodium cyanide is destroyed b}^ appreciable quantities of oxygen, 
carbon dioxide, or water vapor. It is, therefore, necessary to carry 
out the reaction under reducing conditions, and consequently it is 
not possible to furnish the heat required for the reaction by combus- 
tion within the mass of the charge. 

The effect of carbon monoxide, CO, on the reaction is a matter of 
some doubt. Since carbon monoxide is one of the products of the 
cyanide-forming reaction, it is to be expected that the percentage of 
sodium cyanide in the liquid melt of sodium carbonate and sodium 
cyanide, would be lowered by increasing the CO concentration. We 
have, however, no means of predicting the extent of this influence. 
Moreover, the actual relations existing in the reacting charge are 
probably so complex, and so little is known as to the exact compounds 
present during the reaction, and as to the mechanism of the reaction, 
that it is difficult to state with certainty the exact influence of any 
factor on the conversion. It appears from the study of P^erguson and 
Manning ^^ that the maximum yield of cyanide is in fact materially 
reduced by the presence of CO in the nitrogen. According to their 
results, the maximum possible conversion should be less than 35 per 

** J. Ind and Eng. Chem., 11 : 946. 
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cent at 950^ C. and about 60 per cent at 1,000** C. with producer gas. 
On the other hand, Bucher and other workers have claimed high con- 
version of sodium carbonate to sodium cyanide using producer gas 
which normally contains about 33 per cent CO and 67 per cent Ng. 

c. Raw materials. — A commercial grade of sodium carbonate (soda 
ash) may be used in the process. This material is a common article 
of commerce and is manufactured in very large quantities. This 
point is not of special importance in the cyanide process if operated 
to produce ammonia, since in that case the sodium carbonate would 
be regenerated and used over and over, additional carbonate being 
required only to replace mechanical losses. From the standpoint of 
producing sodium cyanide, however, it is very important that the 
process depends upon a material the supply of which is abundant 
and dependable. By way of contrast it may be noted that the manu- 
facture of sodium cyanide by the Castner-Roessler process, which is 
the one now in commercial use, depends on the supply of metallic 
sodium which is not a common article of commerce. 

The selection of the form of carbon which is the most suitable for 
use in this process involves many questions. Equation (1) shows 
that about one-half pound of carbon is required per pound of sodium 
cyanide formed. For each cycle of operations through which a given 
charge passes this amount of carbon must be supplied. It is evident 
that all impurities accompanying this carbon accumulate in the 
charge, so that the same charge can not be used indefinitely unless 
an ashless form of carbon is supplied. Therefore we may either use 
coke having considerable ash and discard some material at intervals, 
or supply the more expensive comparatively ashless carbon and use 
the same charge practically indefinitely. The choice between these 
alternatives can be made only on the basis of a full knowledge of the 
technical suitability, price, and supply of the diflferent kinds of 
carbon and of the cost of recovery of soda ash and iron from the dis- 
carded coke. 

Metallurgical coke, petroleum coke, and pitch coke have been tried 
in the various investigations of the cyanide process. So far as is 
definitely known, there are no technical disadvantages in the use of 
metallurgical coke other than the necessity of discarding materials 
at intervals in accordance with the first of the alternatives mentioned 
above. The usual ash content is 10 to 15 per cent. It is available in 
very large quantities in all manufacturing communities at about $4 
per ton in normal times. Although petroleum coke is quite satisfac- 
tory technically — having only 1 to 2 per cent of ash, most of which 
is iron oxide and therefore not objectionable — the supply would 
probably be inadequate to meet the demands of large-scale ammonia 
manufacture by the cyanide process. Pitch coke is practically ash- 
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less, and from that standpoint would be ideal for use in this prooess. 
DiflSculty was experienced at the U. S. C. P. No. 4 in obtaining strong 
briquettes from charges containing pitch coke. It is claimed, how- 
ever, that this difficulty has now been overcome. Statistics on the 
production of pitch coke are not -available, but it is probably more 
plentiful than petroleum coke. 

Assuming that about 1^ pounds of carbon is used per pound of 
ammonia, the cost of carbon, if a practically ashless form was used, 
would be about .$0,011 per pound of ammonia, assuming a cost of $15 
per ton, the present price of petroleum coke.'* The rate of accumula- 
tion of impurities would be quite slow. On the other hand, although 
metallurgical coke can be obtained at a much lower cost it is not 
possible, according to a rough calculation, to pass a charge in which 
the carbon is introduced as metallurgical coke more than four to 
eight times before discarding the coke. These observations are 
offered as examples of the sort of considerations which would deter- 
mine what kind of carbon should be employed. 

It has been suggested that if coke containing a considerable amount 
of ash is used, the last run before the coke with accumulated im- 
purities would normally be discarded could be made to yield cyanide 
as the final product instead of ammonia, thus avoiding the extra 
expense of recovering soda ash from the contaminated charge. This 
would be particularly desirable in case of high conversion to cyanide. 
If the success of the cyanide-ammonia process were dependent on 
such a practice, however, the size of the industry would be limited 
by the demand for sodium cyanide, which is small as compared 
with that for other forms of fixed nitrogen. 

The iron required to catalyze the reaction may be supplied as 
powdered cast iron, as iron oxide scale, or in any other relatively 
pure form which is sufficiently cheap. If ashless carbon is used in 
the charge, it will be necessary to add only a small amount of iron to 
replace mechanical losses. If the carbon is supplied as ash-contain- 
ing coke, however, additional iron may possibly be required, since 
it may be more economical to discard the iron with the contaminated 
coke than to recover it. This would be determined by the cost of 
iron as against the cost of recovery. 

The only other raw material is nitrogen. Whether this must be 
supplied as practically pure nitrogen or whether a mixture of nitro- 
gen and carbon monoxide, made by simply passing air through heated 
coke, can be used, is not definitely known. It seems probable that 
pure nitrogen is preferable and perhaps essential. At any rate, 
since nitrogen can be produced very cheaply from liquid air, this 
is a matter of no great importance unless the use of producer gas is 
attended by some other advantage than the elimination of the cost of 
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nitrogen. For example, it has been suggested by John Dix Morgan 
that the charge might be heated by passing hot producer gas (33 
per cent CO, 67 per cent Nj), coming directly from the producer, 
through the charge. This proposal is considered later in the dis- 
cussion of nitrification. 

d. Composition of charge. — In carrying out the reaction between 
soda ash, coke, and nitrogen in the presence of iron, the propor- 
tions used, the manner of handling the charge, and other particu- 
lars have varied considerably in the different attempts. All are alike, 
however, in having used a large excess of coke, and most workers 
have favored the use of considerable quantities of iron. The charge 
which was used in most of the runs of the U. S. C. P. No, 4 at Salt- 
ville, Va., is perhaps typical, except that the iron content was some- 
what lower than that sometimes recommended. The proportions 
were about 30 per cent NagCOg, 55 per cent coke, and 15 per cent 
iron. The charge used for most of the experiments on the Air Re- 
duction Co.'s process was 43.4 per cent NagCOg, 53.1 per cent cokd, 
and 3.5 per cent FegOg. 

e. Preparation of the cJiarge. — ^In all modifications of the cyanide 
process it is necessary to have the materials more or less finely 
ground, both the coke and the iron usually being required to pass 
a 100-mesh sieve. An intimate mixture of the constituents is ob- 
tained by dry mixing and finally kneading with sufficient water to 
give th« mass the consistency of stiff dough. 

In any process similar to that used at Saltville, it is necessary 
to briquet the charge in order to facilitate the movement of ma- 
terial through the retorts and to prevent channeling in the charge 
with resultant lack of contact with nitrogen. Bucher recommended 
mixing the charge with hot water, forming the briquets, and then 
allowing them to cool below 35^ C, under which conditions the 
formation of the hydrate NajCOg.lOHjO would cause the briquets 
to set and become hard. In the operations at U. S. C. P. No. 4, 
however, the briquets were sent directly while hot to the driers so 
that briquets were formed without the formation of the hydrate. 
In fact it seems probable that the formation of NajCOg.lOHaO is 
to be avoided, due to the tendency of the briquets to crumble when 
the water of hydration is expelled. The hot briquets were dried at 
TJ. S. C. P. No. 4 at about 150° ; an even higher temperature woidd 
have been desirable in order to hasten the drying. 

The size of the briquets is important. A small briquet favors a 
rapid absorption of nitrogen, while a large briquet has the ad- 
vantage of reducing the sticking and packing of the charge during 
treatment. In general, it may be said, however, that with reason- 
ably small briquets the rate of heat penetration rather than nitrogen 
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penetration is the factor which largely determines the time required 
for treatment of a charge in any apparatus which has been developed 
to date so that the second consideration is the more important. The 
size of these briquets is usually betweei\ one-eighth inch and three- 
eighths inch in diameter and 1 inch and 3 inches in length. 

In the process of the Air Seduction Co., the charge is prepared 
by heating the mixture with water, drying, and sintering at medium 
red heat, thus producing a product which, while largely in the form 
of a relatively fine powder, has all of the constituents in permanent 
contact. The charge is then nitrified in a revolving nichrome tube, 
inclined slightly to the horizontal, and which is externally heated. 
Channeling is thus prevented in spite of the fact that the charge is 
powdered. 

f. Nitrification of the charge. — ^The next step after the preparation 
of the .charge is the treatment with nitrogen at about 1,000° C. It 
is in this connection that some of the gravest difficulties are encoun- 
tered. At the reaction temperature the charge tends to become a 
semiplastic, somewhat sticky mass. This material must be handled 
in such a way as to make the nitrification practically continuous if 
large quantities are to be treated efficiently. The charge can not be 
heated by a direct flame, because of the action of oxygen and carbon 
dioxide on sodium cyanide. Hence, if the heat required is to be fur- 
nished by burning fuel, it can be done only by external heating of 
retorts containing the charge or perhaps by hot gases passing 
through the charge. Externally heated retorts, to have the necessary 
properties of high heat conductivity, must be made of some metal. 
This necessary feature gives rise to the problem of protecting the 
retorts from oxidation in the free flame. 

It has been suggested that if the presence of carbon monoxide in 
the nitrogen is not deleterious some of the difficulties attending the 
heating of the charge might be avoided by supplying the heat 
required by passing through the briquetted charge the hot gases 
coming directly from a gas producer blown with air only. Such a 
gas would contain approximately 33 per cent CO and 67 per cent N;. 
Such a method would without doubt give a very much longer life to 
the retorts and would overcome the difficulty of getting heat into 
the relatively nonconducting charge. It will be noted, however, 
that less than one-third of the total calorific value of the coke goes 
into the gases, since the coke is only burned to CO. Furthermore, 
since in general the endothermic reaction takes place through a rela- 
tively limited temperature range — say, 850*^ to 1,100® C. — enough 
gas must be supplied to give out, in dropping through that tempera- 
ture range, all the heat required for the reaction. For a typical 
charge only a comparatively small amount of the sensible heat of 
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the gases leaving the reaction zone would be required to bring the 
descending charge to the reacting temperature. The gases would, 
therefore, still contain a considerable portion of their sensible heat 
upon leaving the retort. From the above consideration it appears 
that the proposed method of heating is inherently very wasteful of 
coke. A rough calculation indicates that the cost of coke for heating 
by this method would be in the neighborhood of $0.03 or $0.04 per 
pound of ammonia with coke at $4 per ton. If such a cyanide- 
ammonia plant could be combined with some other plant which could 
effectively utilize the sensible heat and the high calorific value of 
the gases from the retorts, the cost for fuel chargeable to ammonia 
might, of course, be very greatly reduced. 

In the usual form of the cyanide process, the retorts are metal 
pipes surrounded by an oil or gas fired furnace and provided with 
a gas-tight mechanism for continuously discharging the treated 
briquets at the lower end. This is the type which was used at 
U. S. C. P. No. 4. The use of this type necessitates the briquet- 
ting of the charge to minimize the sticking of the charge on the walls 
of the retorts and to facilitate ready access of nitrogen to all parts. 
In spite of the use of briquets, the retorts very frequently become 
clogged. This is a difficulty which has been encountered in nearly 
every attempt to operate the cyanide process. The work at U. S. C. 
P. No. 4 did not continue long enough definitely to establish the 
remedy for this trouble. It was observed, however, that the sticking 
was less serious in runs where the charge contained lower alkali. 
The impression was also gained that the character of the ash in the 
coke used in the charge influenced the feeding qualities, the ^acid- 
soluble portion of the ash apparently aiding the feeding qualities. 

In all commercial tests of the cyanide process about which we have 
information, the formation of cyanide is much less rapid than we 
might have expected from the statements of Bucher and others, who 
have claimed that the absorption of the nitrogen is very rapid when 
the charge has reached the proper temperature. This is presumably 
due to the low heat conductivity of the material, with consequent 
slow rise in temperature through the mass. From the figures given 
on the U. S..C. P. No. 4 for the rate of delivery of cyanized product 
from the retorts (45 pounds per hour), the density of the product 
(57.6 pounds per cubic foot), and the dimensions of the retort (8 
inches by 8.66 feet), it is calculated that the charge required about 
four hours to pass through the heated zone of the retort in the runs 
which gave the best results. The conversion of NagCOa to NaCN 
under these conditions was about 50 per cent. For shorter periods 
of heating the conversion dropped oflf rapidly. The total time for 
passage of material through the heated zone of the Air Seduction 
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Co.'s retorts was 16 to 22 hours. The conversion was about 45 per 
cent. 

It is evident that long heating results not only in low plant capa- 
city and high labor costs but is also one of the factors contributing 
to the very low heat efficiencies which have been obtained. The 
thermal efficiency at U. S. C. P. No. 4 was about 6 per cent. 

The nitrogen efficiency — that is, the ratio of the nitrogen absorbed 
to that supplied — is low, being about 17 per cent both at U. S. C. P. 
No. 4 and at the Air Reduction Co.'s plant, as calculated from the 
rates at which nitrogen was supplied and cyanide formed. At 
U. S. C. P. No. 4, for example, the nitrogen flow was 2^ cubic feet 
per minute to each retort, and under the best conditions 7 pounds of 
sodium cyanide were formed per retort hour. A low nitrogen eflS- 
ciency is perhaps to be expected, since according to the equation 

Na2!D03+N2+4C=2NaCN+3CO 

3 volumes of carbon monoxide, CO, appear where 1 volume of nitro- 
gen, N2, is absorbed. The rate at which cyanide is formed is thus 
decreased by dilution of the nitrogen gas, and probably the maxi- 
mum possible conversion is lowered due to the effect of CO on the 
equilibrium content of sodium cyanide. When the nitrogen effi- 
ciency is 17 per cent it is calculated that the gases from the retorts 
have a composition by volume of about 38 per cent CO and 62 per 
cent N2. 

The cyanized material is usually discharged from the retorts into 
containers in which an atmosphere of nitrogen is maintained, since 
contact of the hot charge with air results in the oxidation of some 
cyanide to cyanate and probably some to carbonate with loss of com- 
bined nitrogen* 

g, Froduction of arriTnonia from crude cyamde.- — ^Ammonia has 
not yet been made in any quantity by the cyanide process, although 
the reaction by which cyanide yields ammonia has long been known. 
In 1918 investigations were made by Nitrate Division representa- 
tives on a semicommercial scale in the laboratories of the Nitrogen 
Products Co. at Greene, R. I., and at the plant of the Air Reduc- 
tion Co. at Jersey City, N. J. The products of the reaction are 
sodium formate and ammonia, except when the hydrolysis is carried 
out at temperatures of 400° to 500° C. or higher, in whidi case the 
sodium formate is decomposed to sodium carbonate, hydrogen, and 
carbon monoxide. The production of ammonia from crude cyanide 
by the action of steam at lower temperatures may be represented as 
follows : 

NaCN+2H2O=NaHCO2+NH3+64,000 cal. . (3) 

Some sodium cyanate may sometimes be present. This compound 
is also readily hydrolized: 
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2 Na CNO+3 Il,0=T^vi^ CO3+2 NH3+CO2+15,340 cal. (4) 

The presence of finely divided iron in the product complicates the 
process by the tendency to form sodium f errocyanide according to the 
equation : 

6 Na CN+Fe+2 H,0=Na4Fe (CN)e+2 NaOH+H, (5) 

In studies of the steaming of cyanized briquets at atmospherio 
pressure at Greene, R. I., it was found that to get a practically com- 
plete liberation of the combined nitrogen it is necessary to raise the 
final temperature to 650° to 700° C. The best yields were obtained 
when the temperature was increased gradually from 250° to 650° 
as the reaction proceeded. The heat of the reaction supplied the 
heat during the first part of the hydrolysis, but it was necessary tg 
apply external heat to obtain the required final temperatures. The 
iron in the briquets was completely oxidized under these conditions. 
The formation of ferrocyanide in the briquets proceeded below 450° 
C, but above that temperature this compound was hydrolyzed, yield- 
ing ammonia. A 100 per cent yield of ammonia was obtained in a 
few cases, but it is doubtful whether it would be practicable to get 
more than 85 to 90 per cent yield, since the last 10 to 15 per cent came 
oif slowly and only at a quite elevated temperature, as noted above. 

A study of the hydrolysis of sodium cyanide, sodium ferrocyanide, 
and of cyanized briquets containing the iron of the charge under 
various conditions as to temperature and pressure was made by the 
research staff at U. S. C. P. No. 4 in 1918 and 1919. It appears from 
their results that it would be possible to hydrolyze sodium cyanide in 
the presence of iron without serious ferrocyanide formation, provided 
the proper conditions are observed. They found that with dry steam 
at 300 pounds pressure — corresponding to a temperature of about 
220° C.-^the amount of ferrocyanide in the cyanized briquets was 
sometimes even decreased. It was indicated that a yield of ammonia 
at least 90 per cent of the theoretical could be expected under these 
conditions. It appears that hydrogen was not usually found in the 
gases coming from the autoclave. Hence there was no oxidation of 
the iron in the briquets. 

The apparent advantages of the pressure hydrolysis are (1) a 
lower temperature and (2) avoidance of oxidation of iron. If the 
briquets are to be disintegrated after hydrolysis for re-forming 
into new briquets, the second point is perhaps not of special im- 
portance, since under the usual conditions the iron is largely oxi- 
dized in making up and drying the briquets. The disadvantages 
inherent in pressure apparatus must be considered in choosing 
between the two types of hydrolysis. It may be found that with 
steam under pressure the reaction may go to completion using only 
the heat of the reaction, thus dispensing with apparatus for supply- 
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ing external heat. Although this has not been demonstrated, there 
are some reasons to believe that it may be possible. 

The residue remaining after hydrolysis containing sodium formate 
(or sodium carbonate), carbon and iron may be used for the forma- 
tion of another batch of cyanide, either directly or after powdering 
and adding carbon to replace that used up. After a certain number 
of cycles, the number depending on the amount and character of 
impurities added in each cycle, it is necessary to discard the residue 
after hydrolysis, first recovering the sodium carbonate and the iron 
also if it is found economical to do so. 

If dry steam were used for hydrolysis, it would probably be 
possible to decompose the cyanide without destroying the briquets. 
It would therefore be possible to return the briquets directly to the 
furnaces for another nitrification until the carbon content drops 
too low. Such a large excess of coke is often used in the charge 
that the composition is not greatly changed in one passage through 
the furnace, especially if the conversion is comparatively small. 
Thus, if a conversion of 50 per cent is obtained on a charge con- 
taining 25 per cent NaaCOj and 50 per cent carbon, the composition 
after hydrolysis and reheating would be 26.8 per cent NajCOj, and 
46.7 per cent carbon. From these figures it appears that the briquets 
could be used over at least once if their form were preserved during 
hydrolysis. A considerable saving could thus be made in the cost 
of making up the briquets. 

h. Separation of aodivmi cyanide from crude product, — It is as a 
potential ammonia process that the cyanide process is of greatest 
interest, but the process might be operated to produce sodium cyanide 
if desired. Three methods have been considered for obtaining sodium 
cyanide from the reaction product in which it is mixed with a large 
proportion of carbon and iron. Bucher originally contemplated 
leaching it out with water slightly above 35° C. This, of course, 
would dissolve out the unchanged sodium carbonate as well as the 
sodium cyanide. It has also been proposed by Bucher and others to 
distill the cyanide from the reaction product, since sodium cyanide 
has an appreciable vapor pressure at 1,000° to 1,100° C. This also 
would fail to give a pure product, as some sodium carbonate would 
probably distill out as well. The most practicable method at present 
seems to be the one used in the experimental plant of the Nitrogen 
Products Co., at Saltville, Va., and in the U. S. C. P. No. 4. In this 
process sodium cyanide is leached from the cyanized product by 
liquid anhydrous ammonia, which has a selective solvent action on 
this compound. The final solution in anhydrous ammonia contains 
about 8 per cent NaCN, The sodium cyanide is recovered by evapo- 
rating the ammonia from the solution. The total time required for 
the leaching is about three hours. A recovery of 90 per cent of the 
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NaCN appears practicable. The method has been used only for 
leaching briquets, and would doubtless be less eflScient for a pow- 
dered charge since it was found that the presence of fines in the bri- 
quets decreased the yield. The ammonia evaporated from the solu- 
tion is condensed and used repeatedly. 

The residue remaining after the leaching out of the sodium cyanide 
contains sodium carbonate, carbon, and iron, but if a large per cent 
conversion to sodium cyanide has taken place the constituents are 
not in suitable proportions to be again treated with nitrogen. It is 
therefore ground, the proper amounts of coke and soda ash added, 
and the mixture again made into briquets. The cycle is repeated 
until the accumulation of impurities necessitates starting with new 
materials. 

i. The MeJmer modiflccUion of the cyanide process, — ^A modifica- 
tion of the cyanide process has been experimentally studied by Dr. 
Herman Mehner in Germany. In this modification the same raw 
materials are employed as in the usual form of the process, but the 
method of operation is different. It involves the liberation of the 
alkali metal from the carbonate by bringing the latter in contact 
with molten iron containing carbon. The molten iron is circulated 
by means of a specially designed gas-lift pump. It supplies the 
heat necessary for the reaction, carries the necessary carbon in solu- 
tions, and possibly acts as a catalyst. The volatilized alkali metal 
is brought into contact with nitrogen and carbon to produce the 
cyanide. To produce ammonia, the hot cyanide fume is decomposed 
by water, sodium carbonate being thereby regenerated. 

It appears that the process has been carried out only on an experi- 
mental scale. Sufficient information with regard to the process and 
its operation is not available to justify a statement as to its commer- 
cial possibilities. 

2. Description of Plant. 

The only plant of any size which has been constructed for the op- 
eration of the cyanide process is the U. S. C. P. No. 4, at Saltsville, 
Va., built during the war as an emergency measure. For this rea- 
son a discussion of the plant required in the cyanide process will 
have to draw largely on this plant for illustration. Owing to the 
termination of hostilities about the time of the completion of the 
Saltville project, the period of operation was too short to point out 
more than a few of the many changes needed to make the plant 
smooth running, efficient and well balanced. The description of a 
cyanide plant will therefore be limited largely to general features, 
such as the type and capacity of the equipment, 

a. Equipment for preparation of charge. — The raw materials must 
be pulverized and, in the usual modification of the process, formed 
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into briquets suitable for treatment with nitrogen. The first step is 
the grinding of the coke and iron. Assuming a charge of 30 per 
cent soda ash, 55 per cent coke, and 15 per cent iron, and assuming 
50 per cent conversion to sodium cyanide and 90 per cent conversion 
of cyanide to ammonia, there is needed about 4 tons of coke and about 
1.1 tons of cast iron, or the equivalent of iron oxide, per ton of sodium 
cyanide, or about 12.8 and 3.45 tons, respectively, per ton of am- 
monia. A large part of the required coke and iron will, of course, be 
supplied by disintegrating the briquets coming from the autoclave 
(or from the leaching system if cyanide is being made). Assuming 
that a given charge is run through four times before the coke is dis- 
carded, and assuming that the iron is recovered from the discarded 
coke, it is necessary, on the basis of the above assumptions as to 
charge and yield, to grind about 4.7 tons of coke and about 16.5 tons 
of returned briquets per ton of ammonia produced. 

At the Saltville plant the coke was reduced to the desired size 
in three operations, a Blake jaw-type crusher, a Sturtevant crusher, 
and a Patterson ball mill being successively used. The iron dust 
(bought as such) was introduced in the last stage and ground in the 
ball mill with the coke, the whole being reduced so that 98 per cent 
passed through 100 mesh. Sturtevant crushers were used for dis- 
integrating the briquets, but more efficient machinery for this pur- 
pose could doubtlessly be obtained, since the briquets are soft. This 
is a standard grinding problem and need not be dwelt on here. 

The required amount of soda ash was added to the iron-coke mix- 
ture and the whole charge introduced into a dry mixer. For the 
assumed charge and yield the dry mixer is required to handle about 
23 tons of material per ton of ammonia produced. In using pul- 
verized returned briquets, the coke required to replace that used up 
is added just before this mixing operation. It is evident, however, 
that less material will have to be handled provided the yield is 
greater than the assumed 50 per cent. Many patents claim as high as 
90 per cent conversion, although the highest conversion obtained in 
the Saltville plant over a considerable period was about 50 per cent. 

After dry mixing, the charge is wet down with hot water and 
mixed in a kneading machine until the mass has the consistency of 
stiff dough. Assuming 20 per cent water, and making the above 
assumption as to charge and yield, the kneading machine will be 
required to handle 28 tons 'of this plastic material per ton of am- 
monia. The machine is steam jacketed, for it is necessary to keep 
the mass at nearly 100° C. 

The briquetting machine which receives the hot material directly 
from the kneader contains a plate with holes of the desired diameter 
through which the plastic charge is extruded in pencils which can be 
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automatically cut to suitable length. The extruder need not be 
steam jacketed provided it is so designed that the hot materisd^passes 
through in a short time. 

Waste furnace gases are generally available for the driers, which 
should be placed near the furnaces to utilize the heat effectively. 
At Saltville the flue gases from the cyanide retort furnaces were 
used, but considerable difficulty was experienced in getting the neces- 
sary temperature because of the distance the hot gases had to travel 
before entering the driers. 

J. Equipment for nitrification. — ^Metal retorts are used for treat- 
ing the charge with nitrogen, since no other material has been found 
suitable as to strength and heat conductivity. The retorts at U. S. 
C. P. )So. 4 were wrought-iron pipes 8 inches by 10 feet 6 inches. 
Nichrome retorts were also tried. The retorts were placed in an 
upright position in furnaces fired with producer gas. The actual 
heating zone inside the furnace was 8 feet 8 inches in length. The 
retorts were placed in banks of 18, each retort being heated indi- 
vidually. 

To minimize the oxidation of the retorts by the flame, the furnaces 
were provided with two combustion chambers between the gas 
burners and the retoi-ts, thus obtaining as complete removal of free 
oxygen from the gases as possible. Iron is not attacked at 1,000° C. 
by an equilibrium mixture of carbon monoxide, carbon dioxide, and 
carbon. It was found, however, that, due to the thin walls of the 
furnaces, it was possible to maintain the temperature required only 
when combustion was being completed in the retort chamber, and 
consequently a nonoxidizing atmosphere was not obtained. The 
exit gases from the furnace contained about 4.5 per cent of free 
oxygen. That some benefit was derived from the extra combustion 
chambers in these furnaces is indicated by the fact that the average 
life of the wrought-iron retorts was about 28 per cent longer than 
the retorts in the plant of the Nitrogen Products Co., in which the 
gases traveled over a shorter path before striking the retorts. The 
average life of the iron retorts was about 300 hours while the 
nichrome retorts lasted about 1,000 hoursw 

The producer gas for heating the furnaces was supplied from a 
Morgan gas-producing machine having a coal-gasifying capacity of 
3,000 pounds per hour. The fuel consumption was very greatly in 
excess of^that required to heat the briquetted charge and supply heat 
for the endothermic reaction. During two observations, for ex- 
ample, about 85 pounds of coal were gasified per "retort hour"; 
that is, for one hour's heating of one retort. Assuming that a pro- 
duction of about 7 pounds of sodium cyanide per retort hour could 
be attained in practice, a figure based on the results at Saltville, and 
assuming a charge of 80 per cent NagCO,, 55 per cent coke, 15 per 
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cent iron, and a 50 per cent conversion, a rough calculation sh<rws 
that the theoretical coal requirement is about 5 pounds per retort 
hour. Hence 85 pounds per retort hour corresxmnds to an efficiency 
of about 6 per cent. A comparatively low efficiency is, of course, to 
be expected where it is necessary to heat a solid material of low con- 
ductivity indirectly, as in the cyanide process. A higher efficiency 
than 6 per cent could undoubtedly be obtained with improved design. 
The low efficiency in these furnaces was due principally to three fac- 
tors: (1) The furnace walls were not thick enough; (2) the provi- 
sion of extra combustion chambers to secure the desired long travel 
of gas before reaching the retorts involved made the furnaces much 
larger than would otherwise have been necessary, thus providing a 
very large radiating surface; and (3) the travel of briquets through 
the retorts was slow. 

The feeding arrangement for the retorts at the Saltville plant was 
typical of the devices which have been suggested and used for this 
purpose. A screw conveyor supplied the briquets to the top of the 
retorts, which were provided with a funnel-shaped hopper. At the 
bottom a gas-tight discharge cock was provided, which opened at 
intervals and allowed a quantity of the cyanized briquets to fall into 
a car in which they were cooled in an atmosphere of nitrogen. It 
was expected that the briquets would move freely down through the 
retort under the force of gravity, but a great deal of trouble was 
experienced from the sticking of charges in the retorts, often neces- 
sitating the removal of the retorts from the furnace to remove the 
obstruction. Several workers on the cyanide process have believed 
that the tendency for the briquets to stick to the walls of the retort 
would be greatest at the lower end of the retort, where the briquets 
are cooling and hardening. At the Saltville plant, therefore, the 
8-inch pipe was connected to a 9-inch pipe just at the poiiit where 
the retort went through the floor of the furnace. This enlargement 
was designed to keep the hot briquets from packing against the walls 
of the retort until they had cooled below the sticking point. The 
device, however, did not remedy the difficulty. * 

The nitrogen required for the treatment of the charge may be 
obtained by any of the well-known methods. At U. S. C. P. No. 4 
it was obtained by the fractionation of liquid air. 

c. Equipment for ammonia praduction, — The production of am- 
monia from cyanized briquets has never been fully developed on a 
plant scale, and hence it is possible to consider here only the general 
type and capacity of the apparatus which would be required. It is 
evident that the construction of the equipment will depend on 
whether the hydrolysis is carried out at comparatively high pressure 
and low temperature (perhaps 300 pounds and 220^ C), or at atmos- 
pheric pressure and temperatures up to 650^ C The relative advan- 
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tages of these two methods have already been discussed in connection 
with the description of the process. A simple type of autoclave 
should prove to be satisfactory for the first method. For the second 
method it is possible that a simple, continuous apparatus could be 
devised. It would, however, presumably have to be provided with 
means for external heating. 

As to the capacity of hydrolyzing equipment, it has been calcu- 
lated on the assumptions of (1) a charge containing 30 per cent 
NagCOg, 16 per cent iron, and 55 per cent coke; (2) a 50 per cent 
conversion of NajCOg to NaCN; and (3) a 90 per cent yield of am- 
monia, that it would be necessary to treat about 22 tons of material 
per ton of ammonia produced. 

d. Equipment for separation of sodium cyanide. — In leaching the 
briquets at U. S. C. P. No. 4 for sodium cyanide recovery, three 
closed lixiviators were operated in series on the countercurrent prin- 
ciple. A batch of briquets moved successively from the first to the 
third, while the fresh anhydrous ammonia was introduced into the 
third and finally removed from the first, carrying about 8 per cent 
NaCN. The briquets were leached for about one hour in each lix- 
i viator. The capacity of each lixi viator was 1,000 pounds of briquets 
per charge. No difficulty was experienced in the leaching operation, 
provided the briquets did not crumble. The leaching was less effi- 
cient when any considerable quantity of fines was introduced. 

The ammonia solution of sodium cyanide was drawn off through 
a stone filter in the bottom of the third lixiviator. The solution was 
evaporated in a steam- jacketed evaporator provided with a stirrer 
to prevent caking of the sodium cyanide. The ammonia vapors were 
superheated somewhat and passed over the drained briquets in the 
lixiviators in order to evaporate the entrained ammonia. The am- 
monia was then liquified and stored for further use- 

3. Ck)nstruction and Operating Costs. 

It is impossible to give reliable cost figures on the cyanide process, 
for the reason that the process has never been operated for a suffi- 
ciently long time to furnish accurate information. 

U. S. C. P. No. 4 was erected as an emergency measure, and the 
cost of the plant was consequently much higher than in normal times. 
Its cost was $1,859,346.60, exclusive of barracks and quarters. The 
plant was designed to yield 10 tons of sodium cyanide per day. From 
the operation of this plant the conclusion was reached that an output 
of 7 pounds of sodium cyanide per retort hour could be obtained, 
and since there were 144 rietorts in the plant, the 10-ton output would 
be obtained with 24 retorts idle, which is probably a sufficient number 
of spares. 

It will be of interest to consider the cost figures obtained at 
U. S. C. P. No. 4, even though the period of uninterrupted operation 
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was too short to afford accurate cost figures for the process as there 
developed, and even though the plant was obviously in need of vital 
modifications which would have affected the costs favorably. A 
summary of costs based on actual operation is given in the following 
table : 

Summary of coats of the cyaMde process.^ 



Ck)8tper 
pound 
NaCN 
(cents). 



Percent 

of total 

cost 



Eaw materials , 

Power 

steam (not used as power) . 

Direct labor , 

Indirect labor 

Betort tubes 

Bepairs , 

Depreciation , 

Contingencies 



7.4982 
1.5986 

.303S 
4.5410 

.4025 
1.9300 

.8220 
1.1800 
1.8260 



37.30 
7.95 
1.51 

22.59 
2.00 
9.60 
4.10 
5.87 
9.08 



Total. 



20.1021 



100.00 



1 Interest and royalties not included. 

The cost per pound of sodium cyanide is seen to be $0,201. The 
corresponding cost of ammonia is $0.63 per pound, assuming all the 
soda ash returned to the process and the cost of hydrolysis the same 
as the cost of separation of sodium cyanide. This figure is so high 
as to discourage any hope that ammonia could be produced econom- 
ically by any process and plant not differing radically from that at 
Saltville. The cost of ammonia by the cyanamide process or direct 
synthetic process is, of course, much lower than the above figure. 

Under the heading of raw materials are included several items 
such as soda ash, liquid ammonia, and containers, which would not 
be included if the product were ammonia. Moreover, the charge of 
$0.0234 (per pound of cyanide) for gas coal, which is also included, 
is extraordinarily high, and it should be possible to greatly lower it 
in a furnace of better design. This single item of fuel for the pro- 
ducers would amount to about $0.07 per pound of ammonia. The 
charge for power alone is $0,016 per pound of cyanide, or almost 
$0.05 per pound of ammonia. Power is required in mixing and 
making up briquets, in operating the discharge mechanism of the 
retorts, in operating the blowers to the gas producers, and for gen- 
eral power purposes. 

Labor cost is $0,049 per pound of sodium cyanide, or almost $0.15 
per poutid of ammonia. Labor will probably always be compara- 
tively high in the cyanide process, due to the necessarily small ca- 
pacity of the units, but it should be possible to cut the above figure 
very much in a well-designed plant in which the greatest possible 
use is made of automatic machinery and labor-saving dbevices. 
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The figures given in the preceding table were revised by the staff 
of the plant, assuming normal conditions and a number of modifica- 
tions of the plant. The total cost, according to this revised estimate, 
would be $0.09331 per pound of sodium cyanide, not including in- 
terest and royalty. 

An estimate based largely on the results of the test run in 1918 
and observed by representatives of the Nitrate Division at the ex- 
perimental plant of the Air Reduction Co. indicates a probable cost 
of about $0.34 per pound of ammonia for a plant having a capacity 
of 55,000 tons ammonia per year of 350 days. 

4. Present Status and Organization of the Industry. 
a. Nitrogen Products Co, — No plants are known to be in operation 

ut the present time producing either sodium cyanide or ammonia by 
the Bucher process. The Bucher patents as well as some supplemen- 
tary patents, such as that of Clancy covering the process of extract- 
ing sodium cyanide by liquid anhydrous ammonia, are now owned 
by the Nitrogen Products Co., of Providence, K. 1. So far as is known 
this company is now doing no work on the process except possibly 
some experimental investigations at Greene, R. I., the experimental 
plant at Saltville, Va., having been dismantled. 

6. Air Reduction Co. — According to a communication from the 
president of the Air Reduction Co. in November, 1921, no important 
developments have been made on the process of that company since 
the test runs in 1918. It is understood, however, that they are con- 
tinuing their experimental work. 

c. Roessler-HasBlacher Chemical Co, — The present world supply 
of pure sodium cyanide is manufactured almost entirely by the 
Castner-Roessler process, in which metallic sodium, ammonia, and 
carbon are used. The rights for the use of this process are controlled 
by the Deutsche Gold und Silber Scheideanstalt, and the process is 
operated only by licensees of this company. The only manufacturer 
in the United States using the Castner-Roessler process is the Roes- 
sler-Hasslacher Chemical Co., of Perth Amboy, N. J. 

d. The American Cyanamid Co, — ^The American Cyanamid Co. has 
developed a process at their Niagara Falls (Canada) plant for making 
a crude cyanide by fusing crude calcium cyanamide with sodium 
chloride. The process is described elsewhere in this report. The 
product has been used successfully both in metallurgy and in the 
manufacture of liquid hydrocyanic acid for fumigation. 

5. Supply and Demand. 
Because of the practice of distributing the available world mar- 
kets between tiie diiferent licensees of the Deutsche Gold und Silber | 
Scheideanstalt, the Roessler-Hasslacher Co. has apparently been re- I 

100676*— 22 ^12 ! 



166 REPORT ON FIXATION AND UTILIZATION OF NITROGEN. 

liictant to disclose accurate information concerning production or 
markets in the United States, the statements of different persons 
connected with the industry being conflicting. Without the coop- 
eration of this company it has been difficult to obtain accurate sta- 
tistics, since most figures available do not distinguish between sodium 
cyanide and other compounds of sodium. 

a. Production, — From the information available it appears that 
the production of sodium cyanide in the United States for the years 
given was approximately as follows : 

Tons. 

1914 6, 500 

1917 8, 000 

1918 9, 000 

h. Imports, — The following figures, based on the Statistical Ab- 
stract of the United States,*^ show the imports into the United States 
from 1912 to 1918. 



Totalimports of cjranide (calculated as sodium 
cyanide) short tons. . 



1912 



1,038 



1913 



380 



1914 



306 



1915 



3,701 



1916 



8£6 



1917 



334 



1918 



96 



1 Increased importation from Germany 

Although cyanide came from a number of countries, most of it 
came directly or indirectly from Great Britain and Germany. 

c. Consumption, — The largest consumption of cyanide is in metal- 
lurgy, being used for the extraction of gold and silver from their 
ores. Other important uses are in fumigation, particularly of citrus 
trees, in electroplating, and in casehardening. 

Regarding the expected consumption of sodium cyanide in 1918, 
the Roessler-Hasslacher Co. submitted the following to the War 
Industries Board : 

Tons. 
MetaUurgy 3, 860 

Fumigation of citrus trees 1, 400 

Other fumigation 196 

Electroplating, casehardening, etc 1,400 

United States Government contracts 392 

French (Government contracts 1, 344 



Total 8, 092 

An estimate based on figures for partial consumption in 1918 in 
various industries (not including war contracts) gives the following: 



M Published by Bureau of Foreign and Domestic Commerce, Department of Commerce, 
Washington, D. G. 
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I Tons. 

Metallurgy 3, 500 

Citrus fruit fumigation 1, 500 

Other fumigation 250 

Electroplating, caseliardening, and minor uses 500 

Total 5, 750 

The use of hydrocyania acid for fumigation is comparatively new, 
and there appears to be a probability of a considerable increase in 
the demand for cyanides for this purpose. On the other hand, the 
poisonous character of cyanides will tend to lead to the substitution 
of other material, if found possible, in electroplating or elsewhere, 

d. Present facilities for supplying demand. — ^The present facili- 
ties of the Roessler-Hasslacher Co. are apparently ample to supply 
any demand for sodium cyanide to be expected in the immediate 
future, provided a supply of metallic sodium can be obtained. This 
material is supplied to them by a subsidiary company, the Niagara 
Electro-Chemical Co. During the war the supply of metallic so- 
dium was interrupted, due to power shortage. 

The present capacity of the American Cyanamid Co.'s cyanide 
plant is not known. An official of the company stated early in 1920,*^ 
however, that the output for that year would be equivalent to 5,000 
tons of sodium cyanide, 

6. Future Outlook for the Cyanide Process. 

a. For production of sodium cyanide. — A definite statement as to 
the future possibilities of the cyanide process for the production of 
sodium cyanide would have to be based in part on accurate cost data 
on the Castner-Eoessler process, the one with which it must compete. 
Such data are not available, and consequently the general situation 
only can be stated. 

It is believed that the total production cost of sodium cyanide by 
the Castner-Roessler process is between $0.10 and $0.15 per pound. 
The actual cost at the U. S. C. P. No. 4, employing the cyanide process, 
was estimated to be about $0.20 per pound. It has been estimated, 
however, that under normal conditions and with the improvements 
in plant operation and design, such as were indicated as being neces- 
sary at the U. S. C. P. No. 4, sodium cyanide could be produced at a 
manufacturing cost of $0.09 to $0.10 per pound, excluding interest, 
royalties, and sales cost. This estimate assumes the use of a process 
essentially the same as that employed at the U. S. C. P. No. 4. The 
process is still in the developmental state, and we iriay therefore rea- 
sonably expect important improvements which will further lower 
the production cost. On the other hand, since the Castner-Roessler 
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process has undoubtedly reached a high state of development and 
since the cost of raw materials, ammonia, and metallic sodium will 
probably continue to be relatively high, no decided reduction in 
cost by this process is likely. 

6. For the production of ammoma, — Since the future demand for 
cyanides, as such, appears to be quite limited, it is only as a potential 
ammonia process that the cyanide process deserves particular atten- 
tion. From the fact that the cost of ammonia by this process in 
its present state will range from two and one-half to three times that 
of the cyanide, it is quite evident from the preceding discussion that 
the process now offers no possibilities as compared with established 
processes for ammonia production. However, since all serious at- 
tempts to operate the cyanide process have been limited to essen- 
tially the same method of attack, the possibility of a commercially 
successful production of ammonia from sodium carbonate, carbon, 
and nitrogen is not absolutely precluded. 

The successful development of the cyanide process would require 
the solution of difficult engineering and chemical problems such as 
the following: (1) A type of furnace would have to be designed 
whose heat efficiency is high and in which large charges could be 
handled and nitrified rapidly without interruption; (2) unusual 
wear and tear, such as the rapid oxidation of retorts, would have to 
be avoided in some way; (3) the charge would have to contain a 
relatively high percentage of sodium carbonate and high conversion 
would have to be obtained in order that the bulk of materials handled 
per unit of ammonia should not be excessive; (4) the charge would 
have to be of such a nature that the nitrogen is absorbed rapidly once 
the required temperature is reached; (5) the cyanized charge would 
have to be hydrolyzed in large quantities without the formation of 
appreciable amounts of ferrocyanide. 

Thus, there are undoubtedly many obstacles yet to be overcome be- 
fore ammonia could be produced economically by the cyanide process. 
Rapid advances are, however, being made in those branches of engi- 
neering which have a bearing on this process; furthermore, it may 
safely be expected that a much clearer understanding as to the chemi- 
cal reactions involved will be reached in the near future. In view of 
these facts, the obstacles can by no means be said to be necessarily 
insurmountable. 

B. OTHER FIXATION PROCESSES. 
1. Introduction. 

A very large number of methods have been proposed from time to 
time for the commercial fixation of nitrogen. Excluding the proc- 
esses to which separate treatment has been given in this report, it 
must be said that very few of these appear to present promising pos- 
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sibilities at the present time. In many cases no attempt whatever has 
been made to develop them even on a semicommereial scale, and in 
other cases where industrial experiments have been made data are 
not available as to the extent and results of these experiments. 

In this section the different processes will be treated in as much 
detail as their present industrial promise seems to warrant. It must 
be remembered, however, that unforeseen developments in our 
knowledge, or changes in the industrial situation due to new de- 
mands or supplies, may in the future make possible the commercial 
success of processes at present entirely impracticable. 

2. The Aluminum Nitride (Serpek) Processes. 

The different aluminum nitride processes which have been pro- 
posed consist essentially in bringing in contact at very high tem- 
perature (about 1,800° C.) a mixture of bauxite (crude aluminum 
oxide), carbon, and nitrogen, when reaction occurs with the forma- 
tion of aluminum nitride and carbon monoxide, as represented by 
the equation : 

A1,03+3C+N2=A1,N2+3C0 (1) 

It has also been proposed to carry out the reaction in two stages, 
the first involving the reduction of the alumina (best containing 
considerable amounts of iron oxide which apparently lowers the 
temperature of reduction) by carbon at a very high temperature; 
and the second involving nitrification of the iron-aluminum alloy 
thus formed at a somewhat lower temperature, the complete reac- 
tion being essentially that of equation (1). 

In either case the aluminum nitride formed may then be decom- 
posed by steam, dilute acids, or (best) dilute alkalies, with the 
formation of ammonia and aluminum hydroxide, the reaction being 
essentially : 

AljN^-f 6H20=2A1 (OH) 3+2NH3 (2) 

The aluminum hydroxide may be reconverted into oxide for repeti- 
tion of the reaction, but probably it is more economical to use it 
for the manufacture of metallic aluminum, for which it is well 
suited. 

The temperature of reaction between alumina, carbon, and nitrogen 
may be lowered somewhat by the presence of other metallic oxides. 
The absorption of nitrogen begins around 1,100° C, but is rapid only 
at temperatures near 1,800°. Above 2,200° fusion of the charge 
practically stops nitrification. The complete reaction (1) occurs with 
absorption of heat, estimates of the heat of reaction varying between 
185,000 calories per mol of nitrogen fixed to 243,000 calories per 
mol. It is thus necessary, in addition to maintaining the high tem- 
perature of reaction, to supply a large amount of heat to the charge. 
The carbon monoxide evolved during the reaction (1) represents a 
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potential source of heat, as it may be burned with the production of 
204,600 calories, making the reaction as a whole exothermic (or 
slightly endothermic, according to the data used), but from a prac- 
tical point of view the heat of combustion of the carbon monoxide is 
by no means equivalent to a corresponding amount of electrical 
energy. Its use, however, in preheating the charge may effect a con- 
siderable economy in the thermal requirements of the process. 

Various small-scale experimental plants have been constructed and 
operated in France, Germany, and the United States. The chief dif- 
ficulty in all cases is in securing economically the high temperatures 
necessary for the reaction, and in obtaining materials of construction 
capable of resisting these temperatures in continuous operation. 

A small plant operated in Savoy ^^^ *' by the Societe Generale des 
Nitrures was in operation in 1913, and extensive plans for its expan- 
sion were under way, but these plans do not seem to have materialized. 
The equipment consisted essentially of an inclined rotary, electrically 
heated kiln, lined with aluminum nitride as refractory. The bauxite, 
previously preheated by combustion of the hot furnace gases, is mixed 
with coal and fed from a hopper into the upper end of the kiln, pass- 
ing through the hot gases into the reaction zone, a section of the kiln 
fitted with graphite electrodes through which the heating current 
passes. Here it is raised in temperature to 1,800° and comes in con- 
tact with producer gas containing about 75 per cent nitrogen. The 
time of contact is said to be only a few minutes, and the product, a 
hard, bluish-gray mass, issues from the lower end of the kiln and is 
ready for conversion into ammonia and aluminum hydroxide by one 
of several methods. 

The Armour Fertilizer Works had in operation in 1918 an experi- 
mental plant at Keokuk, Iowa, This consists essentially of a vertical 
kiln, about 15 feet high and 4rJ feet internal diameter, constricted in 
the center. At this center constriction a ring electrode of graphite is 
located, while a pencil electrode of graphite extends down the center 
of the shaft, its lower end being at the center of the constricted ring. 
The charge is fed by gravity down the kiln, while the nitrogen (pro- 
ducer gas containing 70 per cent Ng) passes through it in the opposite 
direction. The charge consists of two kinds of crushed briquets, one 
of them constituting the reaction mixture proper, and the other 
aiding in the production of temperature, as indicated below. The 
reaction briquets are made from crude alumina and coke, with waste 
sulphite liquor as binder. They are dried and crushed to one-half 
inch size. The other briquets, which constitute about two-thirds of 

the total charge, are of carbon and play no part in the reaction, but 

... ■ " 

"Final report, Nitrogen Products Com., 1910. 

** Norton : Utilization of Atmospheric Nitrogen, 1912. 
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carry substantially all the electrical current serving to Ixeat the 
charge. They can be separated from the product and used again. 

When the charge reaches the constriction in the shaft a heavy elec- 
trical current is passed through it from the electrodes indicated 
above, and the temperature is thus maintained at 1,800 to 1,900° C, 
while producer gas passes through it from below. The rate of feed 
is so adjusted that the charge is in contact with nitrogen at the tem- 
perature of reaction for about one-half hour. At the end of this time 
about 80 per cent of the theoretical amount of aluminum nitride has 
been formed. The charge then passes through the lower part of the 
shaft, being cooled somewhat, and is ready for conversion into am- 
monia and aluminum hydroxide. 

The hot waste gases passing upward serve to preheat the charge, 
and a portion is recirculated into the lower end of the furnace. This 
kiln has a capacity of about 400 pounds of nitrogen fixed per day, 
and requires about 400 kilowatts of electrical energy, or 48,000 kilo- 
watt hours per ton of nitrogen fixed. 

It is understood that in 1921 the Armour Fertilizer Works com- 
pleted a large experimental furnace for the production of fixed nitro- 
gen by this process. 

It is also understood that the Aluminum Co. of America has been 
interested in the aluminum nitride process. 

No very reliable data are available as to the cost of plant con- 
struction or of operation of plants of either the French or American 
types. 

Estimates, based largely upon theoretical considerations, have been 
made by Bougeril (Norton, loc. cit.), but it is doubtful if they even 
represent an approximation. 

The Armour Fertilizer Works estimated that their process could 
operate successfully provided the consumption of electrical energy 
could be made not over 14,000 kilowatt-hours per ton of nitrogen 
fixed (compare the 7,000 to 9,000 required theoretically), but it is 
probable that this can only be achieved in a very large plant. 

So far as is known the process is not being operated on a com- 
mercial scale at the present time in any country. It possesses, how- 
ever, sufficient attractiveness to warrant the experimental work 
which seems to be continually expended upon it. It permits the 
preparation of a relatively pure aluminum hydroxide from an ini- 
tially impure product, and this aluminum hydroxide is then excel- 
lently adapted for the preparation of metallic aluminum. The 
ever-increasing demand for this metal suggests that the aluminum 
nitride process should probably be considered not alone as a nitro- 
gen fixation process but is an aluminum process with ammonia as a 
by-product. From this standpoint it has greater possibilities, and 
with mechancial improvements in furnace construction, possible re- 
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duction of reaction temperature by catalytic agents and with elec- 
trical energy at low cost, it is quite possible that the aluminum 
nitride process may be economically operated and produce ammonia 
in competition with other processes. 

8. Miscellaneous Metallic Nitride Processes. 

In addition to aluminum, many other metals form stable nitrides, 
and most of these are capable of yielding anmionia or other useful 
nitrogen compounds after suitable treatment. 

Numerous methods have been proposed for nitrogen fixation based 
upon the general principle of preparing a metallic nitride by treat- 
ment of a metal (or a metallic oxide with a reducing agent) with 
nitrogen gas at more or less elevated temperatures. The metals pro- 
posed include magnesium, lithium, titanium, manganese, zinc, boron, 
and silicon, together with various mixtures.** Further treatment of 
the nitrides is usually proposed — either hydrolysis with steam at 
high temperature to produce ammonia, or fusion with carbon and 
alkali carbonate, when cyanides are formed. 

So far as is known, none of these ideas has achieved any degree of 
commercial success, and it does not appear that they have any imme- 
diate prospect of such development. Most of them use more expen- 
sive materials and are less favorable in results than other well-known 
processes. 

4. Explosion and Combustion Processes. 

The explosion (usually called Hausser) process depends for the fix- 
ation of nitrogen upon the fact that by exploding a mixture of com- 
bustible gas with air or oxygen under proper conditions high enough 
temperatures can be reached to bring about the combination of a 
small amount of the nitrogen and oxygen present. As a whole, these 
processes represent an attempt to bring about the same direct com- 
bination of nitrogen and oxygen which occurs in the arc process 
without the enormous expenditure of electrical energy which the 
latter process entails. However, reliance upon the energy liberated 
by the explosion of gases in closed bombs imposes a number of limi- 
tations on the process when the much "more readily controlled elec- 
trical energy is employed. 

As the process is essentially a thermal one, the factors determining 
the formation of nitric oxide are the temperature and the partial 
pressures of the nitrogen and oxygen in the gases existing at com- 
pletion of explosion. The total pressure does not influence the per- 
centage conversion except as it may increase the temperature attained. 
Since the amount of nitric oxide produced from a given amount of 
combustible gas is the important factor in the cost of the process, it 
is desirable to consider the influence of the proportions of gas and 



«*See Lunge: Ammonia, Vol. Ill (1916), p. 1095 e.t seq. 
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air in the explosion mixture upon the yield of nitric oxide : (1) The 
temferature will be at a maxiinu7n when the combustible gas is mixed 
with the minimum quantity of air necessary to burn it, and will 
steadily decrease as the mixture is diluted with air. (2) The product 
of the partial pressures of the nitrogen and oxygen after explosion, 
however, will start to increase as soon as the mixture is diluted with 
air. 

It is evident from the above that dilution with air is disadvan- 
tageous to yield as far as its effect on temperature is considered, 
and advantageous in its effect on the partial pressures of nitrogen 
and oxygen. It can be readily shown, however, that it is possible to 
calculate for any given gas the exact mixture which will give the 
highest possible yield of nitric oxide per unit quantity of combustible 
gas. If the air is enriched with oxygen the conditions for nitric 
oxide formation are more favorable, but here also it is possible to 
determine the optimum conditions. 

In case air is used in- the explosion, it is evident, since the partial 
pressures of nitrogen and oxygen mtist always be less than they are 
in air alone, that the percentage yield of nitric oxide theoretically 
obtainable will always be less than that obtained when air alone is 
heated to the same temperature, as in the electric arc process. This 
theoretical limit contains only a small percentage of nitric oxide at 
best. 

Use of compressed and preheated gases increases the explosion 
temperature and, indeed, nearly all small-scale experimental work 
has been carried out on this plan. The mechanical strains to which 
the apparatus is subject limit, however, developments along this line. 

It appears from the patent literature that Hausser originally con- 
templated carrying out the process in an explosive engine, the power 
thus generated being utilized for performing external work. So far 
as is known, however, all trials have been conducted in stationary 
bombs with mechanically operated valves. Trial installations have 
been operated at Heeringen and Neuremberg*® in which bombs of 
about 100 liters capacity were employed, the gases being precom- 
pressed to 3 to 5 atmospheres and preheated (usually) to 200° to 
300° C. The bombs were operated at a speed of 50 explosions per 
minute, and it was planned to increase this rate somewhat. Coke- 
oven gas was employed as fuel, and the air was in some cases en- 
riched with oxygen. Analysis of the exhaust gases showed between 
0.3 to 0.6 per cent of nitric oxide by volume. The gases passed from 
the explosion bombs to tubular boilers, the heat absorbed being used 
partially to preheat the entering gases and partially to generate 
steam. The recovery of nitric acid was effected by a series of absorp- 
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'Final report Nitrogen Products Com. (1920). 
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tion towers similar to those used in the arc process. Concerning 
costs of construction and operation, two estimates, substantially 
agreeing, have been made for moderate-sized plants (3,500 metric 
tons of 94 per cent HNOg per year), and are discussed in some detail 
in the Final Report of the Nitrogen Products Committee. These 
estimates assume the use of low-priced coke-oven gas, and no use of 
the power produced by the explosion, though the steam power of 
the hot gases is allowed for. Both estimates give a cost of nitric 
acid of the same order as that involved in its production from Chile 
sodium nitrate. 

It is, however, gravely doubtful whether the process as at present 
developed has a chance of competing successfully with other nitro- 
gen fixation processes. There are two possible ways in which marked 
improvement might be made. If a gas engine could be developed 
which could operate successfully under the conditions of the process 
and utilize the explosive pressure for power production, then the 
process might be capable of being installed for power production, 
with nitric acid as a by-product, and might prove highly successful. 
A second possibility is some marked improvement in our ability to 
absorb dilute nitric oxide. With our present methods the enoimous 
towers necessary for the absorption of the dilute nitric oxide pro- 
duced by this process militate strongly against its ultimate adoption. 
It must be regarded, however, as having distinct possibilities of 
commercial success. 

Closely related to the Hausser process are a number of attempts 
to effect the combination of nitrogen and oxygen by burning a mix- 
ture of air with some combustible gas and thus producing a very 
high temperature. Most of the proposed schemes hinge upon the 
method of producing the high temperature. The method proposed 
by Bender seems to have attracted greatest attention. His plan is 
to use either an ordinary furnace or a gas producer admitting com- 
pressed air (enriched with oxygen) immediately above the fuel bed 
in order to produce a very high temperature. Into the hottest zone 
he injects steam, which is said to dissociate partially into hydrogen 
and oxygen, which then recombine in the cooler part of the furnace, 
producing an extremely hot flame which brings about the combina- 
tion of the nitrogen and oxygen. (It may be noted that the disso- 
ciation of water into hydrogen and oxygen is only 4 per cent at 
atmospheric pressure at 2,500^ C, and that in any case the reccmibi- 
nation can hardly give rise to a hotter flame than that causing the 
dissociation.) 

Others have suggested combustion of carbon monoxide or water 
gas under high pressure as a means of attaining the desired high 
temperatures. 
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In any case the burned gases are to be cooled as rapidly as possi- 
ble, usually by a boiler arrangement, and the nitric oxide absorbed 
as in the case of the Hausser gases. 

Numerous theoretical objections present themselves in considering 
such processes. Where it is conceivable that by proper regenerative 
heating of the gases before combustion, and by burning them under 
pressure, temperatures equal to those of the Hausser process might 
be obtained, it is difficult to conceive of an effective mechanism for 
cooling these gases sufficiently rapidly to prevent the breaking up 
of the nitric oxide. Furthermore, materials capable of withstanding 
continuously' the temperatures in question represent a difficult 
problem. 

Altogether there seems no reason to believe that any of the com- 
bustion processes as at present proposed give any promise of com- 
mercial success. 

5. Miscellaneous Metallic Cyanide Processes. 

Excluding the sodium cyanide process, to which a separate section 
of this chapter is devoted, a number of other cyanide processes for 
nitrogen fixation deserve some attention. 

The fixation of nitrogen as barium cyanide is perhaps the best 
known of these processes, and the one which has been operated on 
the largest scale. The process may be carried out either in a single 
stage or in two stages. In the single-stage process a mixture of 
barium carbonate (or oxide) and carbon (usually briquetted with 
tar or pitch) is heated to a temperature of 1,000° to 1,400° C, while 
nitrogen gas is passed over it. Under these conditions the final 
reaction is : 

BaC03+2C+N,=Ba(CN)2+C02 (3) 

In the two-stage process barium carbide is first formed by treatment 
of barium oxide and carbon in an electric furnace : 

BaO+3C=:BaC2+CO (4) 

The barium carbide is then treated with nitrogen gas at about 1,000° 
C, when bariuip cyanide is formed, probably with the intermediate 
formation of barium cyanamide : 

BaCg-I^N^^BaCN.+C (5) 

BaCN2+C=Ba(CN)2 (6) 

Numerous minor variations from the above essential ideas are ex- 
pressed in the patent literature. 

In any case the barium cyanide formed is treated with steam, when 
hydrolysis into ammonia and barium hydroxide occurs, in accord- 
ance with the following reaction : 

Ba(CN,+4H,0=2NH,+Ba(OH),+2CO (7) 
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The resulting barium hydroxide may be used over again to regen- 
erate the cyanide. 

The two-stage process resembles closely the manufacture of cyan- 
amide, while the single-stage process resembles somewhat the manu- 
facture of sodium cyanide. 

As compared with the cyanamide process, there is the obvious 
disadvantage in that barium carbonate is much more expensive than 
calcium carbonate, and that furthermore the final product must be 
converted into ammonia, whereas cyanamide is capable of direct 
utilization for fertilizing purposes. The economical recovery of the 
barium hydroxide also presents some difficulties. 

As compared with the sodium cyanide process, almost the same 
arguments hold. 

Altogether there seems no reason to believe that the barium cyanide 
process is as satisfactory as either of the above-mentioned methods. 
It has never been developed on a commercial scale and is apparently 
not being considered seriously at the present time. 

It may be noted that in 1843 a plant was established in Paris for 
the production of potassium f errocyanide through potassium cyanide 
from atmospheric nitrogen. Coke, impregnated with potassium car- 
bonate, was heated to a high temperature in an atmosphere of 
nitrogen. The plant was designed to produce potassium f erro- 
cyanide and had a capacity of a ton a day. It was, however, aban- 
doned in 1847 as too costly. Similar experiments were carried out 
on potassium cyanide formation by Newton in England in 1843, but 
were abandoned after a short time. 

In 1907 the Badische Co. brought forward a method for nitrogen 
fixation based upon the formation of titanium cyanide (mixed with 
nitride) when titanium oxide is heated with carbon in a current of 
nitrogen. This material, said to have the formula Tii^jCgNg, may be 
heated with carbon and sodium carbonate, or with barium or cakiuin 
carbonate, when titanium oxide is re-generated and alkaline or alka- 
line earth cyanides and cyanamides are formed. An alternative 
method of treatment consists in boiling the titanium compound with 
sulphuric acid, when the nitrogen is converted into ammonium sul- 
phate and the titanium reconverted into oxide. So far no com- 
mercial developments of the process have appeared. 

Compounds of the same general type, sometimes called carboni- 
trides, of aluminum and other metals, have been proposed in connec- 
tion with nitrogen fixation, but none of them seem at present to offer 
attractive possibilities. 

6. Hydrocyanic Add Processes. 

Several processes have been proposed for the direct production of 
hydrocyanic acid from mixtures of hydrocarbons and nitrogen. Thus 
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Bertlielot showed as early as 1869 that acetylene and nitrogen coming 
uncier the influence of a silent electric, discharge tend to form hydro- 
cyanic acid, according to the equation : 

C2H2+N2=2HCN. 

Later Hoyermann employed the electric arc to bring about the re- 
action. A recent process of the Chemischerfabrik Griesheim Elek- 
tron passes nitrogen and hydrogen over coke in an electric furnace 
w^here formation of hydrocyanic acid is said to occur. A French com- 
pany has proposed a similar process. Lipinsky has proposed passing 
electric discharges through a mixture of methane (from natural gas), 
nitrogen, and hydrogen, when combination to form ammonia and 
hydrocyanic acid is said to occur. 

In all of these processes the hydrocyanic acid is either absorbed by 
alkalies to form cyanides, burned with air to form nitric oxide (for 
final conversion into nitric acid), or hydrolyzed with steam at high 
temperatures into ammonia. 

Apparently none of these ideas have met with any degree of com- 
mercial development, and it can not be said that they have material 
promise in the present state of our knowledge. 



CHAPTER V. 



NITROGEN CONVERSION PROCESSES. 
A. AMMONIA OXIDATION. 

1. History Jind Present Status of the Industry. 

The relation between nitrate nitrogen and ammonia nitrogen in 
the world supply has been discussed in Chapter II. For use in agri- 
culture the two forms of nitrogen are interchangeable to a great 
extent, but for most other purposes either one form or the other is 
required. The domestic supply of inorganic nitrogen in aU the great 
manufacturing countries is mainly in the form of ammonia, while 
the imports of nitrogen consist mainly of nitrate of soda from Chile. 
The two leading nitrogen fixation processes — the cyanamide process 
and the direct synthetic or Haber process — ^yield ammonia as their 
product, and the nitrogen recovered from coal distillation is in the 
form of ammonia. Ordinarily the interchangeability of these com- 
pounds for use in agriculture has given the supply enough elasticity 
to cover all demands and has caused the price of nitrate and ammonia 
compounds to be nearly the same per unit of nitrogen. Scientists 
have long been aware of the fact that conditions might arise which 
would make desirable the conversion of ammonia into nitrate, and 
their expectations were fully realized during the World War. 

Many methods for oxidizing ammonia were worked out on a labora- 
tory scale during the last century. The use of nitrifying bacteria, 
always present in the soil, for the conversion of organic ammoniates 
into saltpeter is almost as old as the use of gunpowder and was used 
extensively on the saltpeter plantations of northern Europe 200 
years ago. Some rather promising progress has been made during 
the last 20 years in the use of bacteria for the oxidation of inorganic 
ammonia, but this method has not been used on an industrial scale. 
The present industrial methods for ammonia oxidation come from a 
series of experiments in which ammonia gas-air mixtures or am- 
monia gas-oxygen mixtures of varying concentrations were passed 
over a heated catalyst. Finely divided nickel, finely divided copper, 
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lead manganate, lead permanganate or bichromate, alkaline earth 
plumbates, the higher oxides of manganese, lead, copper, silver, iron, 
cobalt, and nickel, platinized asbestos, and platinum wire or- foil are 
some of the materials which have been used as catalyzers. 

The fundamental principles underlying the ammonia oxidation 
reaction were established by the German chemist, Ostwald, after a 
series of studies beginning over 25 years ago. He took up the study 
in his usual scientific manner and established the essential facts 
upon which the design of all the industrial installations have been 
based. He determined the most suitable ammonia-air mixture for 
efficient oxidation, and demonstrated that for such a mixture a supply 
of heat above that directly generated by the reaction was necessary 
for the most efficient oxidation. He noted the activation of dense 
platinum when operated under proper conditions and demonstrated 
the advantages of dense platinum over other forms of catalyst. He 
showed that platinum black is entirely unsuitable as a catalyst be- 
cause of the difficulty of removing the products promptly from con- 
tact with the catalyst. The Ostwald converter consisted of two con- 
centric tubes, with the catalyzer built up of narrow strips of platinum 
foil in the end of the inner tube. The exterior tube was of heat- 
resisting and heat-insulating material ; the inner tube was of nickel. 
The ammonia-air mixture entered the exterior tube at one end, 
passed along the annular space in contact with the hot inner tube, 
then through the catalyzer in the end of the nickel tube and out 
through the nickel tube, which acted as a heat interchanger to pre- 
heat the incoming ammonia-air mixture and cool the products of the 
reaction. The ammonia-air mixture was prepared by blowing air 
through aqua ammonia. This apparatus as built by Ostwald was 
theoretically sound and lacked only the use of platinum gauze to 
have all the essential features of the most improved apparatus of the 
present time. 

Another German chemist. Kaiser, carried on extensive investiga- 
tions on the oxidation of ammonia. He used a platinum gauze cata- 
lyst and preheated the air before adding the ammonia. He also 
tried activating the air by silent discharge, and in these experiments 
reported conversion efficiency above 100 per cent, results which were 
doubtless due to errors in the method of analysis used. 

The first plant for using the Ostwald process on an industrial scale 
was built at Gerte, in Westphalia, in 1909. The details of the process 
had been carefully worked out before attempting its use on an in- 
dustrial scale, as is shown by the fact that this plant operated very 
successfully in the manufacture of ammonium nitrate. The process 
was later purchased by the Nitrate Products Co. (Ltd.)) of London, 



180 



REPORT ON FIXATION AND UTILIZATION OF NITROGEN. 



and this company continued the operation of the factory in West- 
phalia and built a second factory in Belgium in 1911. 

The World War brought about conditions, for the first time, which 
demanded the conversion of great quantities of ammonia into nitric 
acid, and oxidation plants of great capacity were built to fill the 
war emergency. The major part of Germany's supply of nitric acid 
was manufactured by this process after the first year of the war. 
France built six oxidation plants, and in the United States two large 
plants were built by the Government and others of small capacity by 
private enterprise. Italy, England, and other countries have oxida- 
tion plants also. 

Table I gives some interesting data on four of the largest oxida- 
tion plants. From this table it will be seen that the total annual 
capacity of these four plants in nitrate nitrogen produced is about 
100,000 tons, or as 100 per cent nitric acid about 450,000 tons. 

Table I. — Typical ammonia oxidation plants. 



Plant. 



Lo?ation. 



8 



Germany 



.do. 



United 

States. 

...do 



Source of ammonia 
employed. 



Synthetic ammo- 
nium sulphate 
and gas liquor. 



Gas limior ammo- 
nia liquor from 
cyanamide and 
synthetic am- 
monia. 

Ammoniafrom cy- 
anamide. 

Synthetic ammo- 
nia and aqua 
ammonia. 



Catalyst em- 
ployed. 



Activated iron ox- 
ide. 



Platinum gauze 
without electric 
heating. 



Platinum gauze 

with eleHric 

heating. 
Platinum gauze 

without electric 

heating. 



Annual capacity. 



.35,000 tons nitro^ 
gen. 



18,000 tons nitro- 
gen. 



110,000 tons of 
anmionium ni- 
trate. 

22,000 tons of am- 
monium ni- 
trate. 



Approximate production. 



Tons of product. 



Tons of 
nitrogen. 



8Q,000 tons ni- 
trate of soda 
and 1 5,000 t(ms 
nitric acid (as 
100 per cent). 

00,000 tons ni- 
tric acid. 



0). 



(>). 



1«,000 
13,00-1 

0) 
0) 



1 



1 Used only for test operations. 

With the signing of the armistice the conditions which had stimu- 
lated the development of ammonia oxidation since 1914 came to an 
end. The process had been used extensively for making 50 per cent 
nitric acid to be used in various ways in the manufacture of muni- 
tions, and to a less extent in the production of sodium nitrite for 
the dye industry, and in the production of nitrogen oxides for the 
chamber sulphuric acid plants to take the place of sodium nitrate 
which is usually used in the chamber process. Since the armistice 
the feasibility of using the oxidation plants for converting ammonia 
into ammonium nitrate for use in agriculture has been given serious 
consideration, but material progress has been made only in Germany 
in connection with the direct synthetic fixation plants where condi- 
tions are unusually favorable since these plants produce great quan- 
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tities of ammonia for conversion into some salt suitable for use in 

agriculture. 

2. Description of the Process. 

The fundamental principles involved in the production of nitric 
acid from ammonia are expressed in the following reactions : 

4NH3+502=4NO+6H20 (1) 

2NO+02=2N02 (2) 

3N02+H20=:2nN03+NO (3) 
A reoxidation of NO and a duplication of reactions 

(2) and (3) (4) 

The reaction (1) takes place only at high temperatures (around 
700° to 1,000° C.) and in the presence of a catalyst. Platinum 
gauze has been used exclusively as the catalyst in the United States, 
although a large number of materials have been suggested and very 
good results have been obtained with some of them. In the United 
States only ammonia-air mixtures have been used, in which case 
reaction (1) becomes 

4NH3+502+18.8N2+Pt=4]SrO+18.8N2+6H20+Pt+ 

211,750 g. cals. • (5) 

In the case of a 10 per cent NHg gas mixture, we have 

10NH3-f2.8H2O+18.3O2+68.9N2=10NO+17.8H2O4- 

68.9N2+5.8O3 (6) 

Or in the case of a 12 per cent mixture. 

12NH34-2.8H2O+17.9O2+67.3N2=:12NO+20.8H2O+ 

67.3N2+2.9O2 (7) 

Or in the case of a 14 per cent mixture 

14NH3+2.8H20+17.502+65.7N2=14NO+23.8H20+ 

65.7N2+(02none) (8) 

From these equations it" will be seen that a 14 per cent NH3 mix- 
ture carrying 2.8 per cent water vapor has just enough oxygen to 
satisfy the equation, with no excess oxygen in the product of this 
reaction. The 12 per cent mixture will have 2.8 per cent excess 
oxygen and the 10 per cent mixture 5.6 per cent excess oxygen. 

From a study of reactions (2) and (3) it will be seen that the excess 
oxygen in the products of reaction (1), in the case of a 10 per cent 
NHg mixture, is not sufficient to complete the oxidation to nitric 
acid. In actual operation this is not a serious objection to using 
mixtures high in ammonia, for the requisite amount of air is easily 
admitted during the cooling and absorption stages of the process. 
However, for other reasons it is advantageous to have a rather large 
excess of oxygen passing through the catalyzer. In addition to 
reaction (1), in which the nitrogen of the ammonia is oxidized to an 
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oxide of nitrogen, other reactions, such as (9) and (10), occur in the 
catalyser and cause the loss of fixed nitrogen. 

4NH3+502=4NO+6H20 (1) 

4NH3+302=2N2+6H20 (9) 

4NH8+6NO=5N2+6H20 (10) 

Reactions (9) and (10) require less oxygen thah reaction (1), and 
their occurrence is promoted by low oxygen concentration. Experi- 
ence in the operation of ammonia-nitric acid converters has confirmed 
what a study of the reactions would indicate, i. e., that the highest 
percentage of conversion can be obtained only when the ammonia 
concentration is kept below 10 per cent. 

The relation of the ammonia concentration in the gas mixture to 
efficiency of conversion is somewhat complicated if the heat of the 
reaction is relied upon entirely to keep up the temperature of the 
catalyst. As indicated in equation (5), a very large amount of 
heat is generated by the reaction. In a properly constructed con- 
verter, using platinum gauze, the heat generated by even a 9 per cent 
NHg mixture is sufficient to sustain the reaction. However, even in 
a converter so well built as to prevent all unnecessary losses of heat, 
the heat generated by the reaction is not sufficient to maintain the 
catalyst at the high temperature required for the best results. In 
such a case the temperature conditions become better as the amount 
of ammonia in the mixture is increased from 9.5 per cent to 12.5 per 
cent, so that the beneficial effects of higher temperatures balance the 
harmful effect of low oxygen, with the result that efficiency of con- 
version is not materially altered by changes of ammonia concentra- 
tion within these limits. However, this does not hold true when 
some means is provided for maintaining a constant higher gauze tem- 
perature — as by electrical heating or by 'preheating the air for the 
ammonia-air mixture — in which case the advantages of mixture low 
in ammonia and correspondingly high in oxygen have been proven. 
The reaction on the gauze is started by merely heating the gauze, or a 
part of the gauze, to a red heat while passing the ammonia-air mix- 
ture through it. In the electrically heated converter this is accom- 
plished by the use of electricity, while in the nonheated type it is done 
by applying a torch to the gauze. 

Ammonia-air mixtures carrying 10 to 12 per cent are nonexplosive 
at ordinary temperatures, but when subjected to a red heat burn to 
nitrogen and water, according to the reaction 

4NH3+302=2N,+6H20. (9) 

Ammonia-air mixtures become explosive as the ammonia content 
approaches the theoretical amount required to completely burn the 
oxygen in the air, as shown in equation (9). In ammonia-air mix- 
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tures of all proportions the ammonia is decomposed if brought in 

contact with most materials at dull red heat. Nickel, aluminum, and 

silica are exceptional in that they can' be used in contact with hot 

ammonia-air mixtures. 

To obtain the second reaction in the oxidation process as shown by 

the equation ^^,^ ^ ^^^ 

'^ 2NO+02=2NO, (2) 

it is necessary to cool the hot gases coming from the catalyst as has 
been shown in section 2-b " Oxidation of nitric oxide " of the arc 
process. This reaction proceeds rather slowly, making it necessary 
to allow considerable space to hold the gases while this reaction goes 
to completion. Attempts have been made to use a catalyst to speed 
up reaction (2) and this phase of the process is an important one 
from the standpoint of economy in tower construction. The most 
successful attempt to catalyze the oxidation of nitric oxide to nitro- 
gen dioxide is that accomplished by the use of a special charcoal, 
particularly such charcoal as was developed for use in the Ameri- 
can gas masks. However, this material has the serious fault of 
catching fire when used in a rich nitrous gas mixture. 

The last step in the formation of nitric acid takes place when the 
gas is brought in contact with water as expressed in the equation 

3N02+H20=2HN03+NO (3) 

By circulating the gas and the liquid in such a way that the rich 
gas, coming direct from the coolers, comes in contact with the nitric 
acid solution of highest concentration, a product can be made con- 
taining 50 per cent nitric acid, or under favorable conditions as high 
as 65 per cent nitric acid. The rate of absorption falls off rapidly 
after the concentration of the acid reaches 45 per cent and stops en- 
tirely at 50 or 55 per cent, depending upon temperature conditions 
and upon the concentration of the gas, low temperatures and high 
gas concentration being favorable for the production of strong nitric 
acid. 

3. Comparison of Oxidation Plants at Nitrate Plants Nos. 1 and 2. 

A description of the ammonia oxidation equipment at United 
States Nitrate Plant No, 1 and at United States Nitrkte Plant No. 2 
will be found in Appendices A and B, respectively. 

The two plants differ in the following items: Plant No. 1 is 
equipped for using liquid ammonia from the direct synthetic am- 
monia plant or aqua ammonia from the by-product coke ovens, while 
plant No. 2 is equipped for using ammonia gas from the cyanamide 
autoclaves. The catalyzers at plant No. 2 use a single, flat gauze 
electrically heated, while those at plant No. 1 are of cylindrical, 
multiple layer gauze type with no provision for heating the gauzf 
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or for preheating the ammonia-air mixture. The high temperature 
coolers at plant No. 1 are simply 12-inch cast-iron pipes exposed to 
the air, while at plant No. 2 the hot gas is cooled in low-pressure 
boilers. The low temperature coolers and absorption towers at the 
two plants are identical. The acid lifts for circulating the dilute 
acid over the absorption towers differ in type at the two plants. The 
following table shows the essential characteristics of the two ^sys- 
tems of lifts; 



Pipe material 

Weight per foot of pipe pounds.. 

Number of lifts in series 

Inside diameter of pipe inches.. 

Total length of veracal pipe including vent from first lift feet . . 

Submersion percent.. 

Acid delivered per minute gallons.. 

Air required per gallon of acid delivered (measured as free air) cubic feet. . 

Air pressure in manifold supplying lifts pounds. . 

Alrpressurein pipe leading to first lift do — 

Air pressure in pipe leading to second lift do 

Net ndghi to wmch acid is pumped feet.. 



Plant No. 1. 



Duriron. 

15 

2 

3 

2S8 

60 

45 

3 

3D 

13 

26 

73 



Plant NaZ 



Alnminiiiti- 
3 
1 

31 
27S 
58 
80 

1.3 
70 
50 



73 



The cylindrical type catalyzer used at plant No. 1 has the advan- 
tage of low first cost and requires no electrical energy. On the other 
hand, it has not proven successful for operation on cyanamide am- 
monia, due to certain catalytic poisons occurring in the cyanamide 
ammonia. The electrically heated catalyzer as used at plant No. 2 
has good temperature control, which enables it to work successfully 
on impure ammonia gas. It is also possible to maintain the gauze 
temperature while using ammonia-air mixtures low in ammonia, 
and for this reason has given better conversion efficiency when used 
on a large scale. The characteristics of the two catalyzers are shown 
in the table which follows: 



Comparison of catalyzers at plants Nos, 1 and 2. 



Dimension of exposed layer 

Siseofganze 

Number of layers 

Shape. : 

Size of wire in rauze 

Mesh per lineallnch, gauze 

Total weight of platinum 

Total cubic feet gas per minute 

CuUc feet gas per minute per square foot, gauze 



Flat electricaUy heated, 
Plant No. 2. 



12 by 24 inches.. 

13 by 27 inches.. 

1 

Flat rectangular 

0.0030inch 

80 

5.20 ounces 

42 

21 



Cylindrical multilayer, 
Plant No. 1. 



11.5 by 9 inches diame- 
ter. 
13 by U4 inches. 
4. 

Cylindrical. 
0.0026 inch. 
SO. 

16.50 ounces. 
190. 
21. 



4. Construction and Operating Costs. 

The ammonia oxidation plant at United States Nitrate Plant No. 
2 cost approximately $13,000,000. Since this plant was built during 
the war,, when construction costs were very high, it is believed that 
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60 per cent of the above cost, or $7,800,000, represents more nearly 
the normal cost of such a plant. The annual capacity of the plant 
is 190,000 tons of 50 per cent nitric acid, or 96,000 tons figured on the 
100 per cent HNO3 basis. Then, the construction cost per annual 
ton of 100 per cent nitric acid is $82. The cost of nitric acid by the 
ammonia oxidation process should include interest, depreciation, ob- 
solescence, insurance, and taxes at 15 per cent of $82, or $12.30 per 
ton of 100 per cent HNOg. 

Allowance should also be made for the interest on working capital. 
Appendix C of this report contains the estimated cost of producing 
nitric acid at plant No. 2, but does not include the item mentioned 
above for interest, depreciation, obsolescence, insurance, and taxes, 
or the interest on working capital. 

If the unit cost of ammonia is taken as $211.30 per ton, as shown 
in Chapter IV, cyanamide process, of this report, and other items are 
taken as shown in Appendix C, the cost of nitric acid will be as shown 
below : 

Ammonia gas (0.317 tons, at $211.30) $66.98 

Power (4 mills per kw. hr.), compressed air, misceUaneous supplies, 

and repair parts, labor, and superintendence 7. 316 

Interest, depreciation, obsolescence, insurance, and taxes, at 15 per cent 

of $82 12. 30 

Total per ton, 100 per cent HNO, 86. 64 

No allowance for royalties has been made in this estimate. 



• 



B. AMMONIUM SULPHATE. 
1. Introduction. 

The manufacture of ammonium sulphate has now become a very 
important industry, due to the rapidly growing demand for the 
material as a fertilizer. The world's production of ammonium sul- 
phate for 1918, for example, was approximately 2,000,000 tons. 

The principal method of making ammonium sulphate consists in 
passing ammonia gas into sulphuric acid. The product is a crystal- 
line compound containing from 20 to 21 per cent nitrogen, white 
when pure. The fertilizer grades are frequently grayish white or 
brown, due to impurities. 

a. Sources of ammordcu — The sources of ammonia may be grouped 
under two general heads — by-product and synthetic. The former 
source is by far the more important at the present time in practically 
all of the countries except Germany and, possibly, Scandinavia. Am- 
monia is obtained as a by-product mainly in the destructive distilla- 
tion of bituminous coal for the manufacture of coke and gas. By- 
product sources of lesser importance are peat, shale, refuse animal 
products, and sewage. Synthetic ammonia is obtained almost en- 
tirely from the Haber and cyanamide processes of nitrogen fixation. 
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6. i^ources of rnlphwric dcid cmd sut^atitutea. — For the production 
of sulphuric acid, brimstone is burned, or sulphides of iron, copper, 
zinc, etc., are roasted to produce sulphur-dioxide fumes, which are 
then oxidized and converted into the acid by either of the two well- 
known processes, namely, the chamber and contact processes. The 
former furnishes about 90 per cent of the total acid produced, the 
latter being used mainly for making concentrated acid. The cham- 
ber process produces an acid of a concentration (50° to 60° Be.) 
suitable for direct use in ammonium sulphate manufacture. 

Since it requires about 3.72 tons of 00° B. sulphuric acid to fix 
1 ton of ammonia as sulphate, it is seen that the cost of acid is an 
important item in the total cost of the sulphate. Numerous attempts 
have therefore been made to manufacture ammonium sulphate with- 
out the use of the acid. Among the more important may be men- 
tioned the absorption of ammonia in niter cake; its absorption in 
superphosphate; the utilization of sulphur compounds in coal, at 
coke and gas works, for the formation of sulphate; and the decora- 
position of gypsum in water suspension by the simultaneous treat- 
ment with ammonia and carbon dioxide. None of these processes 
has become commercially important except the last, and that only 
in Germany. It is possible, however, that some of the others may 
eventually be developed to operate successfully in cases of certain 
combinations of chemical manufacturing processes. 

2. Description of Processes. 

* The principal diflFerence between by-product and synthetic am- 
monia gas from the standpoint of sulphate manufacture is in the 
concentration. Coke-oven gas, for example, generally contains only 
1 to 2 per cent of ammonia, while synthetic gas is practically 100 per 
cent ammonia. In the older, indirect processes of by-product am- 
monia recovery, however, a more concentrated gas was produced by 
distilling ammonia liquor. Differences in gas concentration necessi- 
tates somewhat different methods of absorption, as is pointed out in 
the following sections. 

a. Process using dilute gas, — Since the manufacture of ammonium 
sulphate, particularly from by-product ammonia, has been so fully 
described by Lunge ^ and others, it will be but briefly outlined in this 
report for purposes of comparison with the less known process for 
concentrated ammonia gas. 

In the older processes sulphuric acid was first neutralized with am- 
monia gas and the resulting solution then evaporated in a separate 
vessel to obtain the ammonium sulphate. It was soon found, how- 
ever, that by proper selection of acid and gas concentration and feed 

* Coal Tar and Ammonia. Part III, Ammonia. D. Van Nostrand, New York, 1910. 
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that the process could be carried out continuously by utilizing the 
heat evolved on absorption of gas in the acid to concentrate the solu- 
tion in the absorber itself. The sulphate crystals continuously sepa- 
rate from the hot, saturated solution and are removed from the bot- 
tom of the absorber without interrupting the neutralizing operation. 

In the case of dilute ammonia gas, 1 to 2 per cent ammonia, such 
as from coke ovens, the process consists in passing the preheated and 
tar-free gas into 50^ to 60° Be. (62 to 78 per cent) acid. In normal 
operation the temperature of the solution is maintained at about 135° 
F. by regulating the gas and acid feed. Although the solution is far 
below the boiling point, the water is continuously carried off by the 
large volume of gas accompanying the ammonia. The heat of evapo- 
ration is supplied by the heat of neutralization. An acid trap is used 
to recover any acid carried off as a mist. The sulphate crystals are 
removed from the absorber bottom by steam or air lifts to drain boxes 
where the accompanying mother liquor drains off and returns to the 
absorber. The crystals are centrifuged to further dry them, and if a 
dry product is required they are passed through a rotary drier. 

6. Process using concentrated gas. — The process using concentrated 
gas differs from that for dilute gas principally in the temperature of 
operation and in the concentration of acid in the absorber. The 
practically pure ammonia gas is passed into acid containing about 
7 per cent H2SO4. The heat of neutralization maintains the solution 
at 212° to 215° F., so that water passes off in the form of steam. To 
recover any unabsorbed ammonia, the vapors leaving the absorber 
are passed up through an acid " scrubbing tower." The tower also 
serves to prevent loss of acid in the form of mist. The initial con- 
centration of acid in this process is practically the same as for the 
dilute gas process, but after passing down through the "scrubbing 
tower " and after being diluted by wash water from the centrifugals 
it contains approximately 7 per cent HgSO^. The removal and treat- 
ment of the crystals is essentially the same as in the other process. 

The high-temperature absorption introduces a number of operat- 
ing difficulties not encountered at the lower temperature. The grain 
size is smaller, making the salt more difficult to dry in the centrif- 
ugals; an interruption in operation quickly leads to "salting up'' 
of pipes and troughs due to the high concentration of salt in the 
mother liquor; steam given off from troughs, drain boxes, etc., is 
objectionable to operators ; and the life of the lead lining in absorber, 
troughs, and boxes is considerably shortened. On the other hand, 
the additional equipment required to handle the large volume of gas 
in the dilute gas process materially increases the equipment and 
operating costs of the plant. 
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c. Gypsum process. — The use of gypsum and carbon dioxide as a 
substitute for sulphuric acid in the manufacture of ammonium sul- 
phate has been already referred to. This process as operated in 
Germany 2 consists in subjecting a paste of finely ground gypsum 
and water to the action of ammonia and carbon dioxide, the reaction 
being essentially as represented by the equation 

Ca SO,+H,0+2NH3+C02= (NHJ^SO^+CaCOa. 

The duration of the reaction is said to be from 9 to 10 hours. The 
carbonate is filtered off and the ammonium sulphate is obtained 
from the filtrate, which contains about 25 per cent (NH^)2S04, by 
concentration and centrif ugation. The plant at Oppau,. Germany, 
has a capacity for treating 1,000 tons of gypsum per day, corre- 
sponding to 925 tons of ammonium sulphate. 

This process is particularly applicable in localities where gypsum 
may be obtained very cheaply for operation in conjunction with the 
Haber-Bosch process, which produces an available supply of by- 
product carbon dioxide. 

8. Plant Equipment. 

The manufacture of ammonium sulphate using concentrated am- 
monia gas, as from the cyanamide or Haber processes, for example, 
requires plant equipment of somewhat different design than when 
using a dilute gas such as that from coke ovens. In this connection 
it may be mentioned that attempts in Germany to use a by-product 
ammonium sulphate plant for concentrated gas (synthetic) are un- 
derstood to have failed. 

By-product ammonium sulphate equipment has been described by 
Lunge (previously quated) and others and therefore need not be 
considered in this report. A recent modification," however, will be 
mentioned. The gas from the coke ovens is cooled, passed through 
a tar extractor, and the moist gases introduced into two adjacent 
compartments of a three-compartment absorber. The ammonia is 
absorbed by the acid, and the other gases are then preheated and 
passed into the third compartment, where the necessary evaporation 
is effected. 

Equipment for the manufacture of ammonium sulphate from con- 
centrated ammonia differs so greatly from the by-product equip- 
ment that a brief general description, based mainly on the proposed 
ammonium sulphate installation at the Muscle Shoals plant, will 
be given. 

<Chem. and Met. Eng., 24: 391 (1921). 
>U. S. patent 1366111 (1921). 
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The following description applies to a plant unit having an esti- 
mated capacity of 60 tons of ammonium sulphate per 24 hours. The 
saturator or absorber consists of a lead-lined tank having a lead- 
lined cast-iron cover. To assist in obtaining a satisfactory distribu- 
tion of ammonia in the solution it is preferable to have the length of 
the tank about three times the width and the depth approximately 
the same as the yidth. To facilitate the removal of the crystals the 
lower half of the side and end walls are tapered inward. The 
saturator for a 60-ton unit should have a capacity of about 10,000 
gallons. The saturator may be constructed of wood or iron, heavy 
sheet lead being used for lining in either case. It is desirable to 
have an emergency tank directly beneath the saturator in case the 
latter has to be drained quickly. 

The ammonia gas is introduced into the 7 per cent sulphuric acid 
solution by means of three distributors equally spaced lengthwise 
of the tank, and which pass through the cover to within about 2 
feet of the bottom. Four duriron ejectors, actuated by steam jets 
introduced through the floor, are placed in line with ammonia inlet 
pipes and serve to remove the crystals from the bottom of the satu- 
rator to a distributing trough connected with three drain boxes. 
The trough and drain boxes may also be constructed of wood and the 
lead lining protected by acid-proof tile. 

The drained crystals are further freed from the mother liquor in 
centrifuges in which they may also be washed with hot water. 
About eight 40-inch centrifugal driers are required for a 60-ton 
unit. To reduce the moisture content below 4 to 5 per cent a rotary 
steam-heated air drier may be advantageously used. 

An acid-absorption tower is provided to recover any unabsorbed 
ammonia escaping from the saturator. The tower is constructed of 
acid-proof brick and packed with tile in such a manner that ammonia 
entering the bottom is completely absorbed by the acid trickling over 
the packing. The acid is fed from the supply tank through a flow 
gauge into an acid-distributing box at the top of the tower. The 
supply tank may be constructed either of steel or of wood (lead 
lined), since 60° Be. acid is used in the process. 

A steam hood extending over the absorber, drain boxes, and cen- 
trifuges is provided to continuously remove the steam from the 
building. 

4. Present Status of Ammonium Sulphate Industry. 

The various sources of ammonia have been previously mentioned. 
At the present time ammonia is being produced on a commercial 
scale in this country only as a by-product in the manufacture of 
coke, gas, and bone black, and of these three sources by-product coke 
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plants produce most of the sulphate. In 1919 about 89 per cent was 
obtained from this source.* 

Ammonium sulphate has been produced from cyanamide to a very 
limited extent in this country by the American Cyanamid Co. It is 
understood that the plant is not in operation at the present time. 

The domestic production of ammonium sulphate has increased 
rapidly during the years 1913 to 1919 as shown by Table 10, Chap- 
ter II. 

The production of synthetic ammonia will introduce a new factor 
into the ammonium sulphate industry. At the present time, how- 
ever, the quantity so produced is not of sufficient importance to 
noticeably affect the industry except in Germany. 

5. Demand for Product- and Future Outlook. 

The demand for combined nitrogen for fertilizer purposes is in- 
creasing rapidly. The use of ammonium sulphate as a fertilizer 
material grew very rapidly before the war and during the war its use 
was still further extended, due to the diverting of Chilean nitrate 
from agricultural to munition purposes. As a result, ammonium sul- 
phate has now become one of the principal nitrogenous fertilizer 
materials. 

Coal, peat, and similar material represent enormous reserves of 
ammonia nitrogen. The various grades of coal differ quite markedly 
in nitrogen content, but on the average contain about 1.25 per cent. 
Although only about 20 per cent of it is obtained in the form of 
ammonia (coiTesponding to approximately 25 pounds of sulphate 
per ton of coal) in the production of coke in by-product ovens, it is 
evident that the quantity of ammonia potentially available is exceed- 
ingly large. At the present time over half of the coke produced in 
this country is from by-product ovens. The necessity of observing 
greater economy in the utilization of coal is becoming more generally 
recognized, and as a result the quantity of coke produced in by- 
product ovens is gradually becoming a larger and larger percentage 
of the whole. The production of by-product ammonia will there- 
fore undoubtedly continue to increase. 

At the present time, ammonium sulphate is the principal form in 
which fixed nitrogen, fixed in the form of ammonia, is marketed for 
fertilizer purposes, and it undoubtedly will continue to be so for 
many years. The large expansion which is expected in the future 
in the fixation of atmospheric nitrogen will therefore be accom- 
panied by a large increase in synthetic ammonium sulphate. 

*Am. Fert. Handbook (1920), p. 112. 
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6. .Construction and Operating Costs. 

Estimates made in the latter part of 1920 for the cost of construc- 
tion and installation of an ammonium sulphate plant having a ca- 
pacity of 86,500 tons per annum are given in condensed form below. 

Cost per annual ton of 
ammonium sulphate. 

Mnnufacturing building and machinery foundations $4.22 

Absorbing system (includes absorbers, towers, acid supply, and emer- 
gency, settling basin, troughs, and hoods) 1.50 

Drying system (centrifuges, rotary driers, etc.) 1..^6 

Conveying equipment (elevators, conveyors, etc.) 0.33 

Piping (NH3 gas, steam, water, etc.) 1.73 

Electrical equipment . 58 

Storage building 4. 05 

Contingencies 1. 48 

Total - 15.45 

This plant was to operate 24 hours a day on pure ammonia gas ob- 
tained from cyanamide. 

Other figures available at the present time are those referring to 
pre-war conditions in England* At that time it is estimated that the 
capital cost of the sulphate section of a plant for fixing a pure, strong 
ammonia as sulphate would cost £14.63 ^ per metric ton of combined 
nitrogen per annum, which is equivalent to $16.57 per short ton of 
ammonium sulphate per annum. 

It has been estimated (Appendix C) that it would cost $39.79 per 
short ton to produce ammonium sulphate at Muscle Shoals from am- 
monia gas at $100.13. This figure should be increased to $43.81 per 
ton to allow for bagging, sales^ and misdellaneous overhead exclusive 
of royalties and interest. Figures calculated from English pre-war 
conditions * and derived from investigation of foreign factory costs 
show that ammonium sulphate is estimated to cost $34.80 per short 
ton with ammonia gas at the same price as above. Both of these 
figures are for sulphate packed for the market and do not include 
interest on the capital cost of the plant. 

G. AMMONIUM NITRATE. 
1. Introduction. 

The manufacture of ammonium nitrate assumed a position of great 
importance during the war. The pre-war production of ammonium 
nitrate was relatively small. It was used principally in the manu- 
facture of safety explosives, and to. a lesser extent in the manufacture 
of nitrous oxide for anaesthetic purposes. Although the present con- 
sumption of ammonium nitrate is likewise quite small, there appears 
to be definite possibilities of a much more extensite use in the future. 

* Pinal report Nitrogen Products Committee, pp. 262 and 263. London (1920), 
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2. Processes of Manufacture. 

Various processes for the manufacture of ammonium nitrate have 
been used, depending on the combination in which the ammonia and 
nitrate nitrogen is present. Becent developments in nitrogen fixation 
and ammonia oxidation have, however, resulted in the establishement 
of a single process to the practical exclusion of all others. This proc- 
ess consists in the neutralization of nitric acid by ammonia. The 
other processes depend on double decomposition of certain salts, such 
as sodium nitrate and ammonium sulphate. 

a. •Neutralization process. — ^In the neutralization process ammo- 
nia gas is passed into nitric acid and the solution evaporated until 
practically all of the water has been eliminated. The reaiction in- 
volved is essentially as expressed by the equation 

HN03+NH3=NH,N03+heat. 

The nitric acid is obtained by the arc process of nitrogen fixation 
or by oxidation of ammonia and ranges in concentration from 35 
to 50 per cent HNOj. The first and last " runnings " in nitric-acid 
manufacture are also used quite extensively for this purpose in this 
country. 

By-product anmionia may be used, but synthetic ammonia is to be 
preferred, particularly in the manufacture of ^ammonium nitrate for 
explosives, since the sulphur and organic impurities present in the 
by-product ammonia render the ammonium nitrate less stable. Prac- 
tically all of the ammonium nitrate manufactured in this country is, 
however, from by-product ammonia. 

The neutralization process is carried out in a manner very similar 
to that for ammonium sulphate using concentrated ammonia gas. 
It differs, however, in that the neutralized solution is not evapo- 
rated in the absorber. Ammonia gas and nitric acid are continu- 
ously fed into the inclosed neutralizing tank, the feed being so regu- 
lated that a practically neutral solution is obtained. This solution 
overflows into a tank where it is adjusted to neutrality. 

The temperature in the absorber, or neutralizer, rises to about 
100° C, due to the heat of neutralization. The steam thus gener- 
ated, together with unabsorbed ammonia, passes out through the top 
of the neutralizer into a cooler in which the moisture is condensed, 
draining back into the neutralizer. To prevent loss of the unab- 
sorbed ammonia an acid absorption tower, very similar to those used 
in making ammonium sulphate, is provided. The gas reaching this 
tower is completely neutralized by the acid fed in at the top. The 
resulting solution is passed into the neutralizer for complete neu- 
tralization. 

After adjusting the solution to neutrality it is evaporated until it 
contains less than 3 per cent of water, the completeness of evapora- 
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tion depending on the use to which the ammonium nitrate is put. 
When the water content is reduced to this amount the product is 
a molten salt having a freezing point of about 140° to 150^^ C. 

For many purposes it is desirable to have the ammonium nitrate 
in the form of grains. This is accomplished by running the molten 
salt into a jacketed grainer or crystallizing kettle, in which it is 
continuously stirred for several hours while its temperature is prop- 
erly controlled by admitting steam or cold water to the jacket. The 
grained product is discharged from the grainer after it reaches a 
temperature of about 70° C. 

Attempts have been made to reduce the hygroscopicity of ammo- 
nium nitrate by coating the grains with a protective film of oil. 
The oil is best applied before the hot material is discharged from 
the grainer. This treatment will be more fully described in Chap- 
ter VI. 

A modification of this process, by which the evaporation of the 
neutralized solution as a separate step is avoided, has been sug- 
gested," but to our knowledge has not been put into practice. It 
depends on the use of a much stronger acid than is now produced 
by the arc or ammonia oxidation processes and consequently its appli- 
cation would be limited. 

6. Double decomposition processes, — Reference has already been 
made to the production of ammonium nitrate by double decompo- 
sition of certain salt mixtures. These processes were used to a con- 
siderable extent before the war and quite extensively during the 
war. In the latter period it was impossible to meet the enormous 
demand for ammonium nitrate because of the shortage of nitric 
acid, and consequently processes which could utilize available nitrate 
salts were put into operation. They are, however, to be regarded 
more as emergency processes than as commercial ones, particularly 
in view of the recent developments in ammonia synthesis and oxida- 
tion. 

Ammonium nitrate has been produced from both sodium nitrate 
and calcium nitrate. The reaction in the former case is expressed 
by the equation 

2NaN03 + (NH4),S0, = 2NH,N03 + Na^SO, (1) 

and in the latter case by 

CaCNOg), + (NH,)2S0, = 2NH,N03 + CaSO, (2) 

or by 

Ca(NOs)2 + (NHjjCO, = 2NH,N03 + CaCO, (3) 

Attempts have been made to substitute sodium nitrate for sodium 
chloride in the ammonia-soda process and thus obtain ammonium 

•Final report Nitrogen Products Committee, p. 272. 
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nitrate, but it is understood these were unsuccessful due to incom- 
pleteness of reaction and difficulties in separation of the product in a 
sufficiently pure state. 

All of these processes involve an accurate knowledge of the phase 
relations existing under various conditions of temperature and con- 
centration and require very careful control. 

A plant for the production of 300 long tons of ammonium nitrate 
per 24 hours from sodium nitrate and ammonium sulphate (equation 
1) was erected and put into operation by the Government at Perry- 
ville, Md., in 1918. Although operation was discontinued at the close 
of the war, it had been carried on for a sufficiently long period to 
demonstrate its success. This plant and process has previously been 
described ' and will, therefore, not be further discussed here. 

The manufacture of ammonium nitrate by double decomposition 
of calcium nitrate (Norwegian saltpeter) and ammonium sulphate 
was carried out in a number of countries during the war. The Nor- 
wegian product was imported by England for this purpose during 
the early period of the war, but it is understood that it was later 
displaced by Chilean nitrate. 

3. Plant Equipment. 

The manufacture of ammonium nitrate requires equipment of a 
special material and construction, due to the corrosive action of the 
solutions handled, particularly at the higher temperature. 

The installation at United States Nitrate Plant No. 2 consists of 
four units, each having a rated capacity of 100 tons of ammonium 
nitrate per 24 hours. A neutralizer unit consists of an acid supply 
tank, absorption tower, cooler, neutralizing tank or absorber, and an 
adjusting tank, together with wells for acid air lifts. 

The neutralizers are aluminum tanks lined with acid-proof brick. 
The coolers, placed between the neutralizer and the absorption tower, 
are quite similar to the low -temperature coolers for gases from the 
ammonia oxidizers and contain duriron cooling tubes. The absorp- 
tion towers, which are set in aluminum trays, are of acid-proof brick 
and are packed with spiral tile. The acid is distributed at the top 
from the aluminum acid-supply tanks by means of a stoneware spray. 
The adjusting tanks are open steel tanks lined with acid-proof brick. 

The evaporating and graining installation is divided into five 
units, each having a rated capacity of 60 tons of ammonium nitrate 
per 24 hours. A unit contains 10 evaporating pans and 20 graining or 
crystallizing kettles. The pans are of Elyria ware and are provir^ed 
with aluminum steam and air agitation coils. The Buflokast grain- 
ing kettles used are provided with a steam and water jacket. 

* Chora, and Met. Bng., 20; 320 and 401 (1919). 
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4. Present Status of the Industry. 

Figures as to the world's present production of ammonium nitrate 
are not available. It is probable, however, that it is being manu- 
factured on a large scale only in Germany and, to a lesser extent, in 
Norway. 

The plants in Germany are undoubtedly operating at least to the 
extent of furnishing the ammonium nitrate required for industrial 
explosives, and it is understood that some ammonium nitrate is also 
being used as fertilizer. Germany has three ammonia oxidation 
plants, having a combined capacity of 53,000 tons of nitrogen per 
annum, and consequently is in a position to produce very large quan- 
tities of ammonium nitrate. 

Ammonium nitrate is now being manufactured in Norway, but 
information as to the output is not available. In 1920 the quantitv 
of this material exported from Norway amounted to 20,244 metric 
tons.* The manufacture of ammonium nitrate in that country has 
been carried out by operation of the cyanamide- ammonia process in 
conjunction with the arc process. 

5. Demand for Product and Future Outlook. 

The present production capacity for ammonium nitrate far exceeds 
the demands, due to the great stimulation which this industry 
received during the war. 

The principal peace-time use for ammonium nitrate is in the manu- 
facture of safety explosives, although the quantity so used is rela- 
tively small. It has been estimated, for example, that the total 
quantity of ammonium nitrate, used in permissible explosives in this 
country during 1920 Amounts to approximately 16,000 tons.® It is 
probable that the total consumption in this country for all purposes 
in 1920 did not exceed 25,000 tons. 

There appears to be no possibility of a decided increase in the 
peace-time requirements for ammonium nitrate except for fertilizer 
purposes. 

The fixation of ammonia as ammonium nitrate has some advantage 
over the production of ammonium sulphate. It contains a high per- 
centage of nitrogen, which is an advantage if it is to be shipped long 
distances. One-half of the nitrogen is in the nitrate form, which is 
also an advantage from the agricultural standpoint. No outside 
source of acid is required. However, there are disadvantages also. 
The nitrogen losses are greater in making ammonium nitrate than in 
making sulphate, and operation of the process is more expensive. In 
its physical properties ammonium nitrate is not as desirable as am- 

" statistical Supplement, Pinal Report, Nitrogen Products Committee, p. 15, Table 
XVIII. 

' Production of Explosives in the United States during 1020. Bureau of Mines Techni- 
cal Paper 291, p. 21. 
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monium sulphate for use in fertilizer and is not as well known to the 
fertilizer trade as is ammonium sulphate. 

Many attempts have been made to reduce the hygroscopicity of 
this salt so as to permit its use as fertilizer. Some of these have met 
with a certain measure of success, as will be further mentioned in 
Chapter VI. 

An extensive use of ammonium nitrate in the future is contingent 
on the satisfactory solution of the hygroscopicity problem. 

6. Constraction and Operatuig Costs. 

The construction cost of the ammonium nitrate plant of 110,000 
tons per year capacity, at United States Nitrate Plant No. 2, exclu- 
sive of raw material, storage, and auxiliaries, and of facilities for 
furnishing steam, power, and water, was $1,284,000, or $11.22 per 
annual ton of product. If it is assumed that present-day reproduc- 
tion of this plant could be made at 60 per cent of its war-time cost, 
this cost is reduced to $6.73 per annual ton of ammonium nitrate. 

The manufacturing cost has been estimated (Appendix C) at 
$60.78 per short ton, using ammonia gas at $100.13 and nitric acid at 
$37.98 per ton. 

D. OTHER NITROGEN CONVERSION PROCESSES. 

Nitrogen conversion processes which are of lesser importance at the 
present time than the ones just described, but which are, neverthe- 
less, of growing commercial significance in the nitrogen industry, 
will be considered here. 

1. Manufacture of Ammonium Phosphate^ 

Ammonium phosphate is produced by the absorption of ammonia 
gas in phosphoric acid. Of the three ammonium phosphates — mono, 
di, and tri — only the first is stable under ordinary conditions and 
is therefore the only one which has large commercial possibilities. 

Monoammonium phosphate, under the trade name of "Ammo- 
Phos," has been produced to a considerable extent by the American 
Cyanamid Co. for the export trade where the saving in freight rates 
is enough to compensate for the increased cost of manufacture over 
that of an equivalent amount of ammonium sulphate and acid 
phosphate. 

The phosphoric acid in the process of the American Cyanamid 
Co. is the relatively expensive and dilute phosphoric acid, which 
can be obtained by the treatment of phosphate rock with sulphuric 
acid. Further extensions in the commercially successful produc- 
tion of ammonium phosphate will probably be dependent on the 
production of cheap concentrated phosphoric acid by thermal or 
electrothermal methods. It is probable that economical methods of 
doing this will soon be available. 
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The manufacture of ammonium phosphate on a large scale using 
concentrated acid has not been carried out. Laboratory investiga- 
tions indicate, however, that the process will very closely correspond 
in operation and equipment to tiiat for the manufacture of ammo- 
nium sulphate using concentrated ammonia gas. 

Monoammonium phosphate possesses many advantages as a fer- 
tilizer salt. It is stable, nonhygroscopic, of very satisfactory physical 
condition, is a concentrated plant food (about 12 per cent N and 60 
per cent P2O5), and has proven to be entirely satisfactory in the 
agricultural experiments thus far made. This salt undoubtedly pos- 
sesses great possibilities as a fertilizer material. 

2. Manufacture of Urea. 

Urea is now being manufactured on a limited scale by two proc- 
esses, namely, from ammonia and carbon dioxide and by the hydrol- 
ysis of cyanamide. The former is quite fully described in Chapter 
VI. It is in operation on a limited scale in Grermany. 

The process of producing urea from calcium cyanamide is briefly 
as follows: The crude calcium cyanamide is extracted with cold 
water, the solution filtered off, a quantity of sulphuric acid added in 
excess of that required to precipitate all the calcium, the solution 
heated to hasten hydrolysis of the free cyanamide to urea, and the 
excess acid then precipitated as a calcium salt. The solution is then 
filtered to remove the calcium sulphate and evaporated under re- 
duced pressure to avoid decomposition of urea. Temperature con- 
trol is an important factor in avoiding the formation of dicyan- 
odiamide. 

The product thus produced contains a small quantity of calcium 
sulphate as an impurity. The successive treatment of the solution 
with barium hydroxide and oxalic acid before evaporation will 
reduce the impurity to a negligible amount. The product may also 
be purified by recrystallization from alcohol. 

The sludge remaining after extraction still contains some nitro- 
gen, and 4t may therefore be desirable under certain circumstances 
to recover it in the form of ammonia by autoclaving. 

The cost of sulphuric acid used in the process is an important 
item in the cost of conversion. The acid is converted into calcium 
sulphate and consequently is entirely lost in the process. The use 
of nitric acid and of phosphoric acid ^^ has been suggested instead of 
sulphuric acid. Both are known to be satisfactory in hydrolyzing 
cyanamide to urea, and it appears probable that the resulting mix- 
ture of salts, such as urea nitrate, calcium nitrate, calcium nitrate- 

>*U. S. patent 1,355,869. 
lOOeTe**— 22- 14 
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urea," urea phosphate, calcium phosphate, etc., could be used directly 
as fertilizer if production costs would be made low enough. 

Due to the high price of urea, its use is limited very largely to the 
manufacture of high-grade materials, such as celluloid products and 
medicinal preparations. Urea contains about 46 pet cent nitrogen, 
and appears to be an excellent fertilizer material. Its very extensive 
use for that purpose, therefore, appears to be contingent only on 
sufficiently low costs of manufacture. 

3. Production of Cyanide From Calcium Cyanamide. 

Cyanide is produced from crude calcium cyanamide by strongly 
heating the latter in the presence of free carbon with a flux such as 
sodium chloride. There is some doubt as to the reactions taking 
place and the composition of the product, but it is generally believed 
that calcium cyanide is formed essentially as is shown by the equation 

CaCN,+C=Ca(CN)„ 

the salt merely acting as a fluxing agent. 

The process was studied by Frank and Caro and their associates 
as early fas 1900, and patents relating to it were obtained shortly 
thereafter. It is understood, however, that the process was aban- 
doned in Germany after many years of experimentation. 

A plant for the production of cyanide from calcium cyanamide 
was erected by the American Cyanamid Co. at Niagara Falls in 
December, 1916. The process ^^ consists essentially in continuously 
feeding a mixture of cyanamide and sodium chloride into a single- 
])hase electric furnace having a conducting hearth and a single sus- 
pended electrode, maintaining the molten charge at a temperature 
of about 1,300° C. for about an hour, and quickly chilling the con- 
tinuously discharged product, so as to prevent reversal of the 
reaction. 

The crude cyanide thus obtained consists of thin flakes of grayish- 
black material containing from 35 to 50 per cent equivalent of 
sodium cyanide, the percentage depending largely on the composi- 
tion of the charge. It is stated that a 90 per cent conversion of 
nitrogen in cyanamide to cyanide is regularly obtained in making a 
37 per cent product. 

The product is generally marketed in two grades, 87 and 45 per 
cent sodium cyanide equivalent. It has been successfully used in 
.gold and silver metallurgy and in the manufacture of hydrocyanic 
acid for fumigation purposes. 

Figures on the cost of production are not available, but it is prob- 
able that they are quite low. There would seem to be a good future 
for this material in operations where the crude product may be used, 

"U. S. patent 1,369,383. 

««Chem. and Met. Bng., 22: 265 (1920), 
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as for the production of liquid hydrocyanic acid. For this latter 
purpose it can undoubtedly compete with hydrocyanic acid made 
from sodium cyanide. 

4, Conversion Products of Cyanamide. 

The production of ammonia, cyanide, and urea from crude cyan-. 
amide has already been described. A large number of other com- 
pounds of increasing importance can also be obtained from the same 
source. Among the more important of these are free cyanamide, 
HjCNj, dicyanodiamide (1120X2)2, and guanidine, HgCNg. The 
methods of obtaining these from cyanamide are described in 
Chapter VI. 

The use of these compounds up to the present time has been very 
limited, due to their high cost. Free cyanamide, for example, has 
not been on the market in this country; dicyanodiamide of fair 
degree of purity commands a price of about $2 per pound, while 
guanidine in the form of the hydrochloride was quoted at about $35 
per pound in 1920. By employing methods which have recently been 
developed all of them can be prepared from crude cyanamide for a 
very small fraction of their present cost. These illustrations serve 
to indicate the great possibilities of crude cyanamide as a raw mate- 
rial for organic syntheses. Further reference to these possibilities is 
made in Chapter VI, section C-6. 

5. Miscellaneous Nitrogen-Containing Salts. 

The conversion of various salts into states of combination which 
have certain advantages, particularly for fertilizer purposes, has 
been given considerable attention. 

Double and mixed salts of ammonium nitrate have been prepared 
in an attempt to utilize this compound as a fertilizer. It forms two 
double salts with ammonium sulphate, which have the composition 
(NH,)2SO,.2NH,N03 and (NHJ2S0,.3NH,N08. The former is 
considerably less hygroscopic than ammonium nitrate and has been 
manufactured for fertilizer purposes in Germany to a considerable 
extent. The second double salt is very hygroscopic. 

Mixed salts obtained by double decomposition of ammonium nitrate 
with potassium chloride and with potassium sulphate are sufficiently 
nonhygroscopic for fertilizer salts when fairly high grade potash 
salts are used. The mixed salts are now being manufactured in 
Germany. 

Urea forms a double salt with calcium nitrate having the composi- 
tion Ca(N08)2.4CO(NH2)2. It also forms stable salts with nitric 
and phosphoric acids in monomolecular proportions. Urea and its 
salts here mentioned are nonhygroscopic. As far as is known they 
are not yet being used as fertilizer materials, but it appears possible 
that they may eventually be used for that purpose. 



CHAPTER VI. 



RESEARCH. 

A. NECESSITY FOR RESEARCH. 

The importance of nitrogen fixation for national welfare, the nov- 
elty of existing fixation processes with the opportunities presented 
for their further improvement, the considerable possibility that com- 
pletely new processes can be brought to successful conmiercial devel- 
opment, and the rariety of new products made available by nitrogen 
fixation, all contribute to an imperative necessity for scientific 
research. 

1. Importance of Nitrogen Fixation for National Welfare, 

The problem of nitrogen fixation is quite evidently one of vital 
national importance both in war and in peace. The element forms 
an essential constituent of explosives, of fertilizers, of dyestuffs, and 
of many other substances used in the arts. In time of war the coun- 
try must depend for its increased need for explosives on nitrogen 
fixation or on the importation of Chilean saltpeter, with its attendant 
uncertainties and tie-up of transportation. In time of peace the use 
of nitrogen in fertilizers is only limited by the supply, and if avail- 
able, larger quantities would be used for increasing the food and 
other crops necessary for the country's welfare. 

The nitrogen-containing explosives necessary to keep an army of 
60 divisions in the field for one year have a value of approximately 
$500,000,000. Professor Whitney, chief of the Bureau of Soils, 
estimates that it would require 772,000 tons of additional ammonia 
to bring the application of Commercial fertilizer throughout the 
United States up to the standard now prevailing in the State of 
Georgia, of 160 pounds of fertilizer to the acre, compared with the 
pre-war use of 162 pounds to the acre in Great Britain and 188 
pounds to the acre in Germany. It will be a long time before such 
an additional tonnage of ammonia will be used for agriculture; 
nevertheless, the figures set an interesting limit. This additional 
ammonia would be 15 times the capacity of the Muscle Shoals plant, 
and at $240 a ton it would have a value of $185,000,000. These 
figures alone demonstrate the importance of nitrogen fixation to 

200 



REPOBT ON FIXATION AND UTILIZATION OF NITROGEN. 201 

national well-being and justify the prosecution of governmental 
research in this field. Indeed, as Professor Shimer, of the Massa- 
chusetts Institute of Technology, has put it, man has passed through 
the stone age, the bronze age, and the iron age, and now is in the 
nitrogen age. 

2. The Novelty of Eidstinfir Processes of Nitrofiren Fixation. 

The art of nitrogen fixation is a relatively new onei The oldest 
of all the successful processes — ^the arc process — Was first tried out on 
a large scale by Bradley and Lovejoy at Niagara Falls in 1902 
and in Norway by Birkland and Eyde in 1903 ; the cyanamide proc- 
ess was first put in operation in Piano d'Orta, Italy, in 1906, and 
at the present time the Haber process, with the exception of the plant 
at Syracuse, N. Y., has never been in large scale operation outside 
of Germany. This novelty of the existing processes leaves a large 
field for improvement, and it is believed that further research can 
lead to important lowerings of cost, as will be indicated in a later 
section. 

I 3. Possibility of New Processes. 

i Besides the three standard methods of nitorgen fixation which 
have been brought to commercial success, we have already described 
in Chapter IV a number of other methods which appear promising. 
The most important of these is perhaps the cyanide process, and 
further investigations of the chemical reactions involved in this 
process should be made, since our present information in this field 
is incomplete and in some instances apparently faulty. The alumi- 
num-nitride process, the magnesium-cyanamide process, and a num- 
ber of others are also worthy of further research. 

4. New Nitrogen-Containing Substances. 

Before the development of nitrogen fixation the most important 
forms of inorganic fixed nitrogen were sodium nitrate obtained 
from Chile under the name of Chilean saltpeter and ammonium 
sulphate obtained as a coke oven by-product. The development of 
nitrogen fixation, however, has led directly or indirectly to a sup- 
ply of a number of new substances. Thus the arc process has fur- 
nished as its principal product calcium nitrate or " Norwegian salt- 
peter;" the cyanamide process has given us the new substance, cal- 
cium cyanamide, with a great variety of derivatives, such as dicy- 
anodiamide, guanylurea, guanidine, nitroguanidine, etc., and both 
the cyanamide process and the Haber process present the possibility 
of producing ammonium nitrate, ammonium phosphate, urea, and 
other compounds. Research is needed on all of these substances from 
the point of view of their utilization in agriculture, explosives, or the 
arts, and from the point of view of their transformation from one 
form into another. 
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B. WORK OF THE FIXED NITROGEN RESEARCH LABORATORY. 

The necessity for research in the field of nitrogen fixation has 
been appreciated by the Government for a number of years. Ex- 
perimental work on the fixation of nitrogen by the arc process and 
the Haber process was started as early as 1915 by the Bureau of 
Soils of the Department of Agriculture under the direction of Prof. 
Milton Whitney. During the war nitrogen research was carried out 
in a variety of fields by the technical research branch of the Nitrate 
Division, Ordnance Department, under the direction of Lieut. Col. 
Alfred H. White, in cooperation with the Bureau of Soils, the 
Geophysical Laboratory, the Bureau of Mines, the Bureau of Stand- 
ards, and a number of other agencies. At the close of the war gov- 
ernmental research on nitrogen fixation was concentrated at the 
Fixed Nitrogen Research Laboratory, Washington, D. C, founded 
by an order of the Secretary of War March 29, 1919. This labora- 
tory, cooperating with the Bureau of Soils, has continued work until 
the present time, with a total personnel in the neighborhood of 116 
employees and an annual budget in the neighborhood of $280,000. 
On June 30, 1921, the laboratory was transferred to the Department 
of Agriculture. 

The purpose of the following section is to describe in a very gen- 
eral way the results already achieved by the Fixed Nitrogen Ke- 
search Laboratory.^ Most of this material has been presented to the 
Chief of Ordnance in the form of confidential reports, but some of 
it has already been published, and in the future it is expected that 
the policy of publication will be greatly extended. In what follows 
we shall merely make statements as to the^most important conclu- 
sions which have been obtained from the work of the laboratory 
without any detailed description as to the experimental methods 
employed. Experiments which have led to negative results will be 
described as well as those which have had a successful outcome, 
because of their importance in indicating lines of attack which can 
not be profitably undertaken by future investigators. 

1. The Direct Synthetic or Haber Process. 

Owing to the Government ownership of United States Nitrate 
Plant No. 1, at SheiReld, Ala., designed to operate in accordance 
with a modified Haber process, the laboratory has devoted a very 
considerable amount of energy to an investigation of this process. 
The Sheffield plant was not a success, and this was partly due to in- 
sufficient technical information in connection with the various physi- 
cal-chemical steps which go to make up the process. It has been 
the function of the laboratory to supply this missing technical in- 
formation, and the results already obtained are briefly described 

1 The results described include the work of the laboratory up unUl November, 1921. 
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below. Since the Government no longer plans to reconstruct plant 
No. 1, it is hoped that these results will be of use to the nitrogen in- 
dustry in general. The investigations are described in the same 
order as that of the several steps in the process to which they apply. 
a. Catalyst for the production of hydrogen from carbon monoxide 
and steam. — In the special form of Haber process installed at Shef- 
field, the so-called Haber-Bosch process, water gas from gas pro- 
ducers is made the source of the hydrogen. About 20 per cent of 
the total cost of the process goes into the production of this water 
gas and about 50 per cent of the total cost goes into the changes 
which must be brought about in the water-gas mixture before it is 
ready for circulation through the ammonia synthesizing catalyst. 
The first step in these changes is the passage of the water-gas mix- 
ture, together with an excess of steam, through a catalyst, which 
causes the following reaction to take place : 

CO+H,0=C02-fH2. 

Since the original water gas contains approximately equal parts of 
carbon monoxide and hydrogen, we thus nearly double the amount 
of hydrogen. 

The catalyst which has been most commonly used for the above 
reaction has been iron oxide containing cerium oxide and chromium 
oxide as promoters. The laboratory has developed a satisfactory 
method for testing such catalysts and has commenced tests upon 
them. The results already obtained show that the success of such 
catalysts is markedly dependent on their method of preparation 
and consequent physical structure. Catalysts prepared by fusion 
of the oxides are not satisfactory owing to low activity. Catalysts 
prepared by precipitation are often unsatisfactory owing to lack 
of stability of the granules. Thus tests made on a sample of a 
commercial catalyst which had been made by precipitation showed 
that the granules disintegrated very badly in the course of a 24-hour 
test, producing a large amount of fines. By the use of a special 
technique, however, the laboratory has developed a satisfactory 
precipitated catalyst which will not disintegrate in use. 

The precipitation of the iron oxide for this catalyst is carried 
out by a method developed in 1918 by the Research Division of 
Chemical Warfare Service. A 5 to 6 per cent ferric salt solution 
at 40** to 50^ C. is poured into a slight excess of 5.8 per cent ammonia 
solution at the same temperature, llie mixture is stirred vigorously 
during precipitation, allowed to settle, and the supernatant solution 
siphoned off. The precipitate is then thoroughly washed by de-- 
cantation, filtered, and introduced into a kneading machine, to- 
gether' with the desired promoters present either as oxides or 
nitrates. After thorough kneading the material is again filtered 
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to remove the solution expelled by the kneading, the filter cake 
broken into 1-inch cubes and dried in an air-ventilated oven at 80° 
to 90° C. for 12 hours and then at 125° to 150° for 24 hours. 

By this technique a catalyst has been obtained so active that when 
a mixture of 1 part of water gas (50 per cent CO) and 6.2 parts 
of steam is passed over it at 1,000 space- velocity (liters of gas per 
liter of catalyst per hour) the resulting gas, after removal of the 
excess steam, contains only 1.96 parts of carbon monoxide and 98.04 
parts of hydrogen. 

Work on the problem has only begun, and the above data is merely 
given as an example of the type of results to be expected. The catalyst 
has not yet been tested over a wide range of space velocities nor 
against poisons. 

6. Removal of carbon monoxide hy cuj)Tous solutions, — Since all 
known catalysts for the production of ammonia from nitrogen and 
hydrogen are either permanently destroyed or temporarily poisoned 
by carbon monoxide, the removal of the small percentage of carbon 
monoxide left in the gas after the above reaction is very important. 
In the case of satisfactory ammonia catalysts which operate at low 
temperature and are not permanently destroyed by carbon monoxide, 
0.1 per cent CO may cause a temporary decrease in the per cent of 
ammonia synthesized of as much as 60 to 70 per cent of that formed 
from pure gas. Hence the necessity for as complete removal of car- 
bon monoxide as possible will be readily appreciated. 

The method usually proposed for carbon monoxide removal has 
been that of " scrubbing " the gas with ammoniacal cuprous solutions. 
In connection with the development of such a scrubbing process, the 
Fixed Nitrogen Research Laboratory has studied the solubility of 
carbon monoxide in ammoniacal solutions, both of cuprous carbonate 
and cuprous formate. The general nature of the results indicate that 
the process to be employed for carbon monoxide removal should con- 
sist of low temperature scrubbing, using a countercurrent flow of gas 
and cuprous solution foUowed^y high temperature regeneration of 
the scrubbing solution. In connection with such a proposed method 
the following points have been established by the work. 

1. The solubility of carbon monoxide in solutions containing equiv- 
alent concentrations of ammoniacal cuprous carbonate and ammoni- 
acal cuprous formate is the same. (See fig. 6.) 

2. Cuprous formate, although more expensive than cuprous car- 
bonate, is more satisfactory as an absorbent, since its decomposition 
with precipitation of metallic copper is very much less. Thus, in the 
experiments shown on figure 6, the solutions were kept at 40° and at 
60° C. for a day and a half each. During this time 5.S pear cent of the 
total cop2>er present was precipitated from the carbonate solutions 
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and only a trace from the formate solution. The rate of precipitation 
increases rapidly with the temperature. 

Ammoniacal cuprous formate is also to be preferred to ammoniacal 
cuprous carbonate, since the latter decomposes with evolution of car- 
bon dioxide at regeneration temperatures. 

3. The solubility of carbon monoxide is greatly decreased with rise 
in temperature. (See fig. 7.) It would seem as if 0° C. would be a 
satisfactory temperature for the operation of the scrubber and 60° 
for the regenerator. 

4. The amount of carbon monoxide absorbed approaches a limiting 
value at high partial pressures of carbon monoxide, and this limit is 
independent of the concentration of free ammonia ii| the solution, but 
the solubility at low partial pressure is increased by the concentra- 
tion of free ammonia. (See fig. 7.) Hence high ammonia concen- 
tration is valuable in removing the last traces of carbon monoxide. 
A practical limit, however, is set to the concentration of ammonia by 
the loss of ammonia in the regenerator. 

5. The limiting value of the carbon monoxide absorbed at high 
partial pressures of that gas increases proportionally to the copper 
content of the solution, and the solubility at low pressures is also in- 
creased by increase in copper content. Hence for both reasons a 
high copper content is desirable. A practical upper limit is set, how- 
ever, by the precipitation of copper at the high temperature in the 
regenerator. 

6. Copper precipitated in the regenerator can be removed by the 
use of hot cupric solutions. 

c. Removal of carbon monoxide by diferenHai oaoidation. — In con- 
nection with the removal of carbon monoxide from the nitrogen-hy- 
drogen mixture used in the Haber process, mention should be made of 
some work on removal by differential oxidation, made by the Be- 
search Division, Chemical Warfare Service, working in cooperation 
with the Nitrate Division of the Ordnance Department previous to 
the formation of the Fixed Nitrogen Research Laboratory. 

As a result of this work, a number of oxidation catalysts have been 
prepared which at temperatures in the neighborhood of 100° will 
bring about a differential oxidation of carbon monoxide in the pres- 
ence of hydrogen. By using twice the theoretical amount of oxygen 
necessary to oxidize the carbon monoxide present it is possible to re- 
duce the carbon monoxide concentration to less than 0.01 per cent. 
The excess oxygen combines with hydrogen to form water. 

The temperature control for such a process would be a matter of 
great difficulty, since under given conditions of concentration and 
space velocity it has been found necessary to maintain the catalyst 
within a definite temperature interval of about 25° in order to re- 
move carbon monoxide to the figure mentioned above. No large-scale 
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experiments have been made for developing the necessary method of 
temperature control. 

d. Detection and analysis of impurities in nitrogen-hydrogen mix- 
tures, — The catalyst poisons most difficult to detect and estimate 
which may occur in the nitrogen-hydrogen mixture used in the 
Haber process are oxygen, water vapor, carbon monoxide, and vola- 
tile hydrocarbons which may come from the lubricant used in the 
compressors. 

For the detection and rough estimation of water vapor and hydro- 
carbons the laboratory has found the use of liquid air very satisfac- 
tory. The gas to be tested is passed through a coil of glass whose 
lower turns are immersed in liquid air. Water vapor condenses in 
the upper turns and very volatile hydrocarbons lower down. The 
method is very rapid and exceedingly informing. 

It has been found that the direct analysis for water vapor with 
phosphorous pentoxide in the final dried and purified gas is not satis- 
factory, owing to the low concentrations of water present. A pre- 
liminary precipitation of water vapor by the liquid-air method fol- 
lowed by reevaporation in a small volume of air and analysis by the 
phosphorous pentoxide method would undoubtedly lead to satisfac- 
tory results. 

For the estimation of oxygen, the laboratory has developed a 
method similar to that of Lamb and Larson (J. Amer. Chem. Soc. 
41 : 1908 (1919) ) for the determination of traces of carbon monoxide 
in oxygen. The method depends on a measurement of the tempera- 
ture rise produced by making the trace of oxygen combine in the 
presence of a catalyst with the hydrogen in the Haber process gas. 
A very neat method of calibrating the apparatus has been developed 
by the use of an electrolytic cell furnishing a known quantity of oxy- 
gen in accordance with Faraday's law. The method permits the 
analysis of a gas containing 0.001 per cent oxygen. It is expected 
that a detailed discussion of the method will be published in the 
Journal of the American Chemical Society. 

For the estimation of carbon monoxide the laboratory has found 
it possible to use the well-known iodine pentoxide method. It is 
necessary to prepare the iodine pentoxide by the oxidation of iodine 
with chloric acid as described by Lamb, Bray, and Geldard (J. Amer. 
Chem. Soc. 42: 1636 (1920) ). 

e. Methods of testing ammonia catalysts. — Although about 70 per 
cent of the cost of carrying out the Haber-Bosch process occurs be- 
fore the gases are ready to enter the circulating system containing 
the catalyst, nevertheless the catalyst for the synthesis of ammonia 
must be considered as the heart of the process, since the whole de- 
sign of the plant and the most economical method of operating de- 
pend upon the yield of ammonia which can be obtained by passing 
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the gases at different velocities and temperatures through the par- 
ticular catalyst selected. 

The Fixed Nitrogen Eesearch Laboratory has developed some- 
v^hat elaborate methods for testing anmionia catalysts on a small 
scale at pressures from 1 to 100 atmospheres and on a moderate 
scale at 100 atmospheres pressure. 

The apparatus and methods involved are so elaborate that no de- 
tailed description of them can be given here. It may be said, how- 
ever, that the laboratory has solved with reasonable success the prob- 
lems of securing a supply of pure nitrogen-hydrogen mixture for 
carrying out the tests, of introducing known concentrations of water 
vapor and carbon monoxide when the catalysts are to be tested 
against poisons, of controlling the temperature and velocity of flow 
during the test, and of eliminating temperature gradients in the 
catalyst samples under test. 

Nine units are available for testing catalysts on a small scale at 
1 atmosphere, 8 units, for testing on a small scale at pressures from 
1 to 100 atmospheres, and 8 units for testing catalysts on a mod- 
erate scale at 100 atmospheres pressure. These latter units are kept 
running night and day and the plant has been in continuous opera- 
tion since March 20, 1920, thus permitting tests of the effective life 
of the catalyst. 

It is expected that a detailed description of the testing equipment 
will be published in the near future. Up to the present the ap- 
paratus has been largely used for making tests on catalysts devel- 
oped at the Fixed Nitrogen Eesearch Laboratory, although some 
testing has been done for outside companies, and the laboratory is 
always ready to carry out a reasonable amount of such experimenta- 
tion. 

/. The preparation of iron catalysts, — ^Although an enormous num- 
ber of materials have been tried or patented as catalysts for ammonia 
synthesis, successful ones have all consisted of iron containing small 
additions of materials called promoters. These catalysts are in 
general prepared by the reduction of iron oxide containing the de- 
sired promoter substance. The oxide can be prepared either by 
precipitation or by the fusion of iron in an oxygen blast. The oxides 
may be reduced with the same mixture of nitrogen and hydrogen 
from which ammonia is to be formed, and if desired in the same 
bomb or converter in which the ammonia synthesis is later to be 
carried out. 

The laboratory has found in the preparation of iron catalysts by 
the precipitation method that the precipitation may be advan- 
tageously carried out by the method already described in section a 
for the preparation of iron oxide for the reaction between carbon 
monoxide and steam. 
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• 

Fused iron oxides may be prepared by burning metallic iron in a 
stream of oxygen. The technique developed by the laboratory is 
essentially as follows : Five hundred grams of pure wrought-iron rod 
(Swedish or Armco), one-fourth or three-eighths inch in diameter, 
is melted in the flame of an oxyhydrogen torch with a large excess of 
oxygen. The drippings are caught in a pure iron cup, 3 inches deep 
by 3^ inches in diameter, supported by a short piece of iron pipe 
closed at the lower end by a cap and packed with iron oxide fines 
(20 to 24 mesh). A stream of oxygen is then directed into the par- 
tially oxidized mass, the reaction being started if necessary by the 
oxyhydrogen torch. When the mass has become sufficiently fluid it 
is stirred with a pure iron rod until oxidation ceases. This is indi- 
cated by the rapid formation of a crust under the oxygen jet. With 
the proper care the iron cup will not be destroyed during the oxida- 
tion, but even if this occurs the iron oxide fines prevent the molten 
material from coming in contact with the outside iron pipe. The 
mass after cooling is crushed and screened to the desired size. If 
catalysts containing promoters are desired, the promoter substance 
may be present in the original iron rods or stirred into the iron 
after fusion. 

The methods of catalyst preparation briefly described above are 
suitable for laboratory batches. 

g. The behavior of jmre iron as a catalyst. — It has been found 
that pure iron itself, when prepared with proper physical character- 
istics, has a very considerable catalytic activity. Indeed, at pres- 
sures in the neighborhood of 1 atmosphere the yield of ammonia 
from pure iron catalysts is nearly as good as from any catalytic 
material that we have been able to prepare. At higher pressures, 
however, such as have to be used in order to obtain yields of com- 
mercial significance, the addition of promoters to the iron has been 
found necessary. 

h. The behavior of iron containing promoters disclosed in th-e 
literature. — A very large number of elements have been suggested 
as suitable promoters for addition to iron catalysts, and the following 
elements have been patented for' that purpose (U. S. patent No. 
1148570) : Magnesium, beryllium, aluminum, cerium, lanthanum, 
erbium, neodynium, praesodynium, samarium, yttrium, ytterbium, 
potassium, rubidium, caesium, sodium, lithium, strontium, calcium, 
uranium, thorium, zirconium, vanadium, niobium, tantalum, chro- 
mium, manganese, molybdenum, and tungsten. 

With the exception of the relatively rare erbium, neodynium, 
praesodinium, samarium, yttrium, ytterbium, rubidium, niobium, and 
tantalum, which have not yet been tried, the laboratory has prepared 
catalysts by the fusion method containing each of the above ele- 
ments, the promoter in the form of its oxide being stirred into the 
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molten iron oxide. All of these promoters produced catalysts which, 
operating at 30 atmospheres pressure, were poorer than the catalysts 
that can be obtained by the addition of satisfactory promoters which 
will be discussed in a later section. Many of these so-called promoter 
substances were actually found to reduce the yield below that which 
can be obtained from pure iron. It seems evident that the patented 
promoters are not of commercial significance. 

i. The behavior of iron catalysts containing a satisfactory pro- 
moter. — ^A number of catalysts have been prepared by this laboratory 
containing what may be called " satisfactory " promoters, the term 
being used to refer to promoters which confer upon the iron the 
properties of (1) maintaining a high activity, even at high pressures, 
and (2) operating for considerable lengths of time at temperatures 
as high as 550° C without undergoing appreciable deterioration. 
With such catalysts as much as 16.5 per cent NHg may be obtained at 
100 atmospheres pressure and 5,000 space-velocity (liters per hour 
per liter of catalyst). This type of catalyst has been studied with a 
gi^eat deal of care and over a wide range of conditions, and it has 
been found possible to draw many general conclusions concerning 
the effect upon such catalysts of temperature, pressure, rate of flow 
of gases, and poisons. Although it is not possible in a brief space to 
enter into many details in such a complicated problem, the conclu- 
sions stated below and the curves in figure 8 may serve to illustrate 
the nature of the results obtained. 

It has been found that the ratio of the actual NHg produced to that 
theoretically possible under the particular conditions studied (de- 
fined as the "eflScienCy") in general (1) increases with increasing 
temperature; (2) decreases slowly with increasing rate of flow of 
gases; (3) decreases slowly with increasing pressure; and (4) de- 
creases rapidly with increasing concentration of catalyst poison 
(water vapor or carbon monoxide). The actual per cent of ammonia 
produced; the optimum temperature of operation; the increase in 
the weight of NHg produced per hour with increasing rate of flc^w 
of gases; and other factors bearing upon the suitability of the 
catalyst for commercial operation have also been studied in much 
detail. 

In figure 8 typical curves are drawn illustrating a few of the re- 
sults obtained with an individual catalyst. 

Curve 1 shows the effect of temperature upon the per cent of NHg 
(at 100 atmospheric pressure and 5,000 space- velocity), illustrating 
the fact that there is an optimum temperature (in this case about 
450° C.) of operation, at which the highest per cent of ammonia is 
formed. 
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Curve 2 shows the effect of increasing rate of flow of gases in de- 
creasing the per cent of NHg. 

Curve 3 shows the effect of pressure in increasing the per cent 
ofNH3. 

Curve 4 shows the effect of concentration of catalyst poison (water 
vapor) in lowering the per cent of NH3. 

It has been found that catalysts of the type in question will main- 
tain tiieir activity indefinitely at temperatures below 550° when 
tested upon pure dry gas. They suffer a slow permanent deteriora- 
tion in the presence of catalyst poisons, especially when tested at 
high pressures. 

Altogether the data available concerning this type of catalyst are 
suflSciently complete to permit intelligent consideration of the use 
of such catalysts for commercial ammonia synthesis. 

j. Ammonia catalysts other than iron, — The laboratory has also 
carried out limited tests with a number of materials beisides iron as 
catalysts for the ammonia synthesis. These have included cobalt, 
nickel, and their mixtures with iron, and mixtures of iron and molyb- 
denum; but none of these materials have given results as good as 
iron with a suitable promoter, and usually have been far inferior 
to pure iron. 

k. Theory of am^monia catalysis. — A very considerable number of 
measurements have been made to determine the amount of nitrogeh, 
hydrogen, and ammonia taken up by good and poor catalysts under 
various conditions of temperature, pressure, and concentration. Ex- 
periments have also been made on the behavior of catalysts when the 
flow of gas is varied in composition from 3-to-l mixture to pure 
hydrogen or pure nitrogen. These tests have been devised for the 
purpose of throwing light on the mechanism of ammonia catalysts — 
at the present time they are still in progress and any statement of 
conclusions WQuld be premature. 

Z. Removal, of ammonia by scrubbing with solutions, — ^A problem 
of considerable importance in the Haber process is that of removing 
from the gas the ammonia which has been synthesized by passage 
through the catalyst. At Sheffield it was planned to do this by 
refrigeration. In Germany it has been done by water scrubbing. 

The laboratory has investigated the removal of ammonia by scrub- 
bing the mixed gases with solutions which will have a lower vapor 
pr^sure than pure water. The effort was made to find a scrubbing 
solution that would not introduce into the gas system any substance 
deleterious to the efficiency of the catalyst, that would have a high 
absorptive power for ammonia, readily give up the ammonia again, 
and not be corrosive to ordinary iron and steel. Several solutions 
of this type have been found and a study has been made of the vapoo* 

100676**— 22 15 
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pressures of their solutions with ammonia and varying amounts of 
salts and water present. 

From the results thus far obtained the ^ most satisfactory solutions 
tested are lithium nitrate, calcium nitrate, and sodium iodide. So- 
lutions of these substances as scrubbing agents possess the advantage 
over water of not leaving more than a slight trace of moisture in 
the scrubbed gas which is returned to the catalyst chamber. 

Lithium nitrate solution seems most satisfactory of the three sub- 
stances named, and by employing it so that absorption or scrubbing 
takes place around 10*^ C. and recovery of the ammonia from the 
lithium solution is accomplished at 40° C, the ammonia may be ob- 
tained free from other materials and can be collected as liquid or 
neutralized by acids to form ammonium salts. 

More detailed results along this line will be found in the July, 1921, 
number of the Journal of the American Chemical Society. 

m. Removal of ammonia hy solid absorbents. — In addition to the 
removal of ammonia by scrubbing, the removal by absorption in 
solids has been investigated. The absorption eiliciencies of four sol- 
ids were studied by passing a mixture of hydrogen and nitrogen 
gases containing about 6 per cent of ammonia through the solid at 
different rates of flow and at 100 atmospheres pressure until the 
gases leaving the absorption chamber carried about 1 per cent of 
ammonia. The temperature of absorption was that of the room in 
most cases, and recovery was effected both by heating and by evacua- 
tion of the absorption chamber. 

The solids tested were gas-mask charcoal of a medium grade, 
silica gel, ultra-clay, and alumina gel. The efficiency was found to 
be greatest for the charcoal and somewhat less for the other materials 
in the order named. The high absorption of ammonia by one or two 
of these materials indicates the possibility of their use for concen- 
tration of the ammonia, and its direct liquefaction, or as an adjunct 
to the refrigeration method for recovery of ammonia. By employ- 
ing a series of absorption chambers which could be used in rotation, 
the gases may be returned to the catalyst chamber freed from all 
their ammonia. It is expected that details of these results will be 
published in the Journal of the American Chemical Society. 

n. Steel tests. — The problem of obtaining a material suitable for 
the construction of the converters or catalyst chambers in which the 
reaction between nitrogen and hydrogen to form ammonia is to take 
place is one of great importance and considerable complexity. Ordi- 
nary carbon steel can not be employed, since it is attacked by am- 
monia at high temperatures to form nitride of iron, and rapidly de- 
teriorates, becoming porous, and in many cases so brittle that it can 
be broken with the fingers. 
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The converters at Sheffield were constructed from chrome- vana- 
dium steel, and that material has been used in our own testing bombs 
with considerable success. 

In order to obtain really reliable information in this field, the 
laboratory has constructed a furnace containing 26 bombs made from 
different materials. Each bomb contains two bars for tensile tests, 
two specimens for impact tests, and one piece for corrosion tests. 

The materials for the test bombs and specimens comprise 1 sample 
pure iron (Armco), 1 chromium steel, 1 vanadium steel, 7 chromium 
steels with varying additions of vanadium, 6 vanadium steels with 
varying additions of chromium, 1 tungsten steel, 1 uranium steel, 1 
molybdenum chrome steel, 1 Monel metal, and 1 nickel. Several of 
the steels have been given different heat treatments, making 25 bombs 
in all. 

Besides the main furnace there is an auxiliary furnace containing 
corrosion specimens to be removed at six successive intervals of time 
for determining rate of penetration. 

The preliminary tests and micrographic examination of all the 
materials has been completed, and the actual test, which will last 
for six months to a year, according to the rate of deterioration, is 
about to start. The test bombs and specimens will be maintained at 
600**, with 3 to 1 H2-N2 gas containing 8.5 per cent ammonia at 100 
atmospheres pressure. It is expected that the final results of the test 
will be made available to the public. 

0. Miscellaneous mecha/nical investigations. — ^In connection with 
the redesign of plant No. 1, a number of mechanical investigations 
have been carried out by Plant 1 Section of the Nitrate Division, 
working partially in cooperation with the Fixed Nitrogen Research 
Laboratory. The investigations have included : 

Tests on several alloy steels to determine their properties at high 
temperatures: The properties tested were tensile strength, pro- 
portional limit, elongation, reduction of area, and strength at frac- 
ture throughout the range of 20° to 550° C. for four steels each 
containing 0.38 carbon and as follows: (a) Plain carbon, (6) 3^ per 
cent nickel, (c) 3 per cent nickel, 1 per cent chromium, (d) 1 per cent 
chromium, 0.2 per cent vanadium. While the report on file in the 
nitrate division gives full details of these tests, it may here be 
mentioned that the chrome- vanadium steel appeared to have the most 
desirable qualities for ammonia bombs, but even this steel for opera- 
tion at 500° C. requires a factor of safety double that allowed at 
normal temperature. 

Tests of devices for control of liquid levels in vessels operating at 
high pressures: Many mechanical and electrical devices were con- 
sidered and rejected. A device tested and found satisfactory consists 
of a special sheathed resistor, partially or wholly immersed in the 
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liquid whose level is to be controlled. The terminals pass out of the 
vessel through specially packed electrical terminals and connect to a 
source of current in whose circuit is a series motor whose torque will 
vary as the current through the resistor varies but whose rotation is 
opposed and limited to a small arc by a second motor of like capacity 
and attached to the shaft of the first motor. The torque is applied to 
move a lever which controls an oil-operated piston valve which in turn 
controls the rate of flow of liquid from the vesseL This mechanism 
was thoroughly tested and gave satisfactory results. 

Tests of gaskets to withstand hi^ gas pressures : Thorough study 
was made to determine a satisfactory gasket material and shape to 
hold gases at high pressure in vessels whose temperatures may vary 
and consequently cause both lateral and vertical differential expan- 
sions and contractions. Finally, laminated copper, in tongue and 
groove joints, was determined on and extensively tested on the com- 
pression machines at the Bureau of Standards. These tests did not, of 
course, subject the gaskets to gas loads, but the action was sufficient to 
indicate that such a type joint could be utilized satisfactorily on large 
vessels as well as on small ones, as has actually been done at the 
Fixed Nitrogen Research Laboratory. 

Tests of high-pressure packed electrical terminals : After tests had 
been made on various methods and means for carrying electrical 
leads through the walls of high-pressure vessels, there was chosen the 
stuffing box type which utilized a soapstone packing. The soap- 
stone not only insulates the lead from the vessel but holds the gas 
pressure very well, even at high temperatures. 

Tests on 3^ inch high-pressure valves : Several different types of 
valves were designed to operate against hydrogen and nitrogen at 
high pressure and temperature and two of them built and tested. The 
final design has several novel features, more particularly the spring 
mechanism which takes up differential expansions and contractions. 
Very many types of packing were tested with these valves before a 
type was found which could be considered satisfactory to operate 
against gas at high temperature and pressure. 

Test was made to determine the friction of flow of gases at various 
velocities over various depths of ammonia catalyst: This test was 
made to determine whether gases could be passed, either up or down 
through catalyst and whether or not there might be a small limit 
to the depth through which gas might be passed through a catalyst 
before the friction of flow would become excessive. 

A special packed heat interchanger was tested : Although the data 
obtained did not give sufficiently consistent results to enable mathe- 
matical conclusions, they were all indicative of the fact that an inter- 
changer of the design used would give an efficiency several times as 
great as the ordinary tubular type can give. 
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Test of special Klinger type sight gauge made at the Fixed Nitro- 
gen Research Laboratory proved that sight gauges could be con- 
structed to operate safely and satisfactorily on gases at 100 atmos- 
pheres pressure. These gauges are essential at many points in an 
ammonia process, and the standard KUnger gauge would not hold, 

A design of differential pressure gauge was constructed, but under 
test failed because the magnetic operation of the g«uge needle failed 
to give the results expected. Other preliminary designs have not yet 
been tested. 

There was designed and tested a new type needle valve : This valve 
is in satisfactory operation in the catalyst plant of the Fixed Nitro- 
gen Research Laboratory. 

In considering electrolytic hydrogen for the direct synthetic proc- 
ess it was found that cells much larger than those now built would 
be necessary. The Electrolabs Co. of Pittsburgh constructed a 
10,000-ampere cell, partially at Government expense, and with mem- 
bers of the Nitrate Division and of the Fixed Nitrogen Research 
Laboratory, subjected it to extensive test, which proved that cells of 
that capacity were feasible of construction and economical of opera- 
tion. 

Other miscellaneous tests, including determination of corrosion by 
ammonia on various metals and practicability of special stuiRng 
boxes; were conducted. 

2. The Cyanamide Process. 

In connection with the cyanamide process the work of the labora- 
tory has been largely determined by the governmental possession of 
United States Nitrate Plant No. 2 at Muscle Shoals, Ala. This plant 
is designed to produce as its final product 110,000 tons of ammonium 
nitrate per annum, to be used in explosives. In order to utilize this 
plant in peace times it is evident that the fixed nitrogen which it can 
produce must largely go into fertilizers, since there is no other use 
for fixed nitrogen of sufficient magnitude to absorb the tonnage 
involved. Hence the most important work which the laboratory has 
had to carry out in connection with the Muscle Shoals plant has been 
to consider what products having fertilizer value could be made at 
Muscle Shoals. This work will be discussed below in a section on 
" The Properties and Methods of Transforming Nitrogen Products " 
and a section on "Agricultural Experiments." In the present section 
we shall merely discuss the experiments which have been made on the 
cyanamide process itself. These have been relatively few in number, 
since the cyanamide process is rather thoroughly established and 
presents less opportunity for improvement than others. 

a. Utilization of lime fines. — About 25 per cent of the limestone 
burned at Muscle Shoals finally comes through in the form of lime 
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fines, which can not be utilized for the manufacture of carbide. For 
this reason the laboratory has considered the possibility of briquetting 
this material for use in the carbide furnaces. It has been found 
possible by using a roll press and coal-tar pitch as a binder to produce 
briquets of sufficient strength for this purpose at a cost of about $3.25 
per ton. A large part of this cost is that for the binder, and further 
research would be necessary to make certain whether such briquet- 
ting might be made economical. 

6. Study of the fundamental reaction of the cyana/rmde process,-^ 
The laboratory has initiated an investigation of the fundamental 
reaction between carbide and nitrogen by which nitrogen is fixed in 
the cyanamide process. This reaction may be written: 

CaC2+N2=CaCN2+C. 

The heat of the above reaction has been measured at 25® by the 
combustion of carbide in nitrogen in a bomb calorimeter. The heat 
of formation of 1 mol of CaCNj from CaCg and Ng at 25° was found 
to be 97,800 cals. By a different method, i. e., combustion of pure 
CaCNg in oxygen, N. Kameyama ^ has obtained a lower value, but 
this is based on a value for the heat of formation of calcium carbide 
concerning which there is considerable doubt. 

In order to calculate with certainty the heat of the reaction at 
1,000° C, i. e., the lowest temperature at which it can be calculated 
from equilibrium measurements, the specific heats of calcium carbide 
and cyanamide have been measured between 25° C. and 1,000° C. 
These measurements result in a calculated value for the change in 
the heat of the reaction per degree centigrade of —3.2 cal. between 
25° and 1,000° C. The heat of reaction thus becomes ^5,300 cals. 
per mol at 1,000° C. 

Measurements have also been made of the equilibrium pressure of 
nitrogen over mixtures of carbide, cyanamide, and carbon at varying 
temperatures. These measurements have been carried out by expos- 
ing boats of carbide to nitrogen at different pressures and tempera- 
tures in a tube furnace and then withdrawing the boat and analyzing 
for the cyanamide found. 

Plotting the pressure at which complete nitrification is obtained 
against temperature, preliminary experiments with 60 per cent car- 
bide resulted in a pressure-temperature curve between 1,000° and 
1,300°, which extrapolates to one atmosphere at 1,366°. The experi- 
ments were then repeated with a higher grade (83 per cent) carbide 
and with more accurate temperature control. The resulting pressure- 
temperature curve gave substantially higher temperature values for 
the same pressures, extrapolating to one atmosphere at 1,490° C. 

»J. CoU. Eng. Tokyo Imp. Univ. 10: 249-63 (1920), C. A. 15: 1110 (1921). 
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This change is in agreement with that predicted by Caro.^ The re- 
action heat calculated from this pressure-temperature curve by using 
the simple Clausius equation was found to be about 66,000 cals. at 
1,000° C. instead of 95,300 cals., calorimetrically measured. How- 
ever, the pressure of the gas phase was found to be dependent on the 
concentration of nitrogen in the solid phase as well as upon the tem- 
perature, though less so at the lowest temperature of the experi- 
ments (1,000° C.) than at higher temperatures. Such a result can 
best be explained by the fact that the system is not a monovariant 
one, i. e., the equilibrium constant depends not only on the pressure 
of the gas phase but also on the composition of one or more solid 
phases, which explanation is in agreement with the conclusion of 
Le Blanc and Eschman.* Under these circumstances an agreement 
between the measured heat of reaction and that calculated from the 
simple Clausius equation is not to be expected. 

c. Catalyst for the reaction CaC2-|-N2=CaCN2-|-C. — ^Preliminary 
experiments on catalysts for the nitrification of carbide have been 
made employing a 60 per cent carbide and various salts, especially 
the halides of the alkali and alkaline earth metals, and curves have 
been obtained expressing the rate of nitrification in the presence of 
from 2 to 10 per cent of the catalyst. Satisfactory duplication of 
results has been difficult to obtain, and consequently a study of vari- 
ous methods has been undertaken, an investigation of which is still 
under way. 

d. Disposal of autoclave sludge. — ^A serious problem arises in the 
production of ammonia from cyanamide because of the large amount 
of autoclave sludge produced. It is possible that this material could 
be used to advantage for its agricultural value owing to its lime 
content. Up to date, however, no methods for its disposal outside 
of flowing it out into a settling pool or lake have been suggested. 

This laboratory has considered the possibility of recovering the 
graphite in this material, but has not yet been able to find any 
purely mechanical or electrical method of separating the graphite 
from its intimate combination with the lime. Furthermore, it is to 
be noted that even if such separation could be effected,, the material 
obtained would be a relatively low-grade powdered graphite rather 
than the valuable flake graphite. The material might, however, be 
good enough for the manufacture of electrodes for the carbide fur- 
naces. 

By chemical means it has been found that the graphite can be 
recovered. Thus, by treating the sludge with nitric acid it is possible 
to produce calcium nitrate and graphite. This possibility has, how- 
ever, little to commend it, since calcium nitrate is not a standard 

■Zeit. ftir angew Chemle (1909), p. 1178. 
•Zeit. ftir Elektrochemie, 17:20-34 (1914). 
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product in this country and the operation of the plant would be very 
unbalanced under these conditions. 

8. The Arc Process. 

Since the Government has no plant designed to operate in accord- 
ance with the arc process, research at the laboratory along the lines 
of the arc process has been limited to a fundamental study of the 
nature of electric discharges in gases and the way in which they pro- 
duce chemical reactions. Two pieces of work of this kind have been 
completed and are briefly described below. 

a. Nature of corona discharge as shown hy motion of particles,— 
The corona discharge in air at atmospheric pressure between a central 
wire and flat plates has been investigated by photographing the mo- 
tion of particles of various kinds which are introduced into the field. 
These particles were found to move either toward the plate or the 
wire, in accordance with the charge they receive, which may come from 
ions in the corona field, from contact with the central wire, electro- 
static induction, or leak from the earth. The results showed that the 
corona field outside of a small ionizing region is filled with ions of 
the same sign as the central wire, and in the case of alternating cur- 
rents these ions follow very closely the change in the polarity of the 
central wire. The results are of some importance in explaining the 
behavior of Cottrell precipitators and in giving a picture of the 
corona field. This work is described in more detail in Chem. and Met. 
Eng. 22; June 30 (1920). 

b. Yield of ozone in corona discharge, — As a typical reaction tak- 
ing place in the electric discharge, the laboratory has studied the 
yield of ozone in the corona discharge both in glass ozonizers and in 
discharge tubes provided with a central wire. In the case of glass 
ozonizers it was found that the yield of ozone per kilowatt hour de- 
creased with increasing frequency, the rate of energy input and other 
variables being held constant. This decrease in yield with frequency, 
in the glass ozonizers, was found to be largely, if not completely, due 
to the increasing loss in the dielectric- In the case of all metal ozon- 
izers, it was found that the yield was practically independent of the 
frequency. This is contrary to the general impression, which has 
been that higher yields could be obtained with higher frequencies. 
This error has perhaps been due to the fact that with glass ozonizers 
more alternating current can, of course, be made to flow through the 
apparatus with the same voltage at higher frequencies, and hence the 
total yield obtainable for a given apparatus is increased, although the 
yield per kilowatt hour is lowered when the frequency is raised. 

It is hoped that further details of this work will be published in 
the near future. 
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4. The Cyanide Process. 

Although numerous attempts have been made to operate cyanide 
processes for the production of ammonia, the costs have always been 
excessive, and it is now evident that cyanide processes on the order 
of these past trials can never compete with established processes 
such as the cyanamide or Haber processes. 

The only hope that the cyanide process may ever be successful lies 
ill research of two types. 

In the first place it is imperative that we h?ive a more accurate 
knowledge of the fundamental reactions involved in the formation 
of sodium cyanide. No careful study of these reactions has ever 
been made, though many partial but unsubstantiated theories have 
been offered. As a consequence the yields obtained and the rates of 
formation of cyanide have been erratic and uniformly lower than 
expected. 

In the second place there is need for what might be termed " engi- 
neering research." That is to say, the prospects for a successful 
process would be greatly improved if a more satisfactory means of 
manipulating the charge under treatment could be devised. In fact, 
no possible chemical improvement could make the process success- 
ful unless the mechanical methods of handling can also be improved. 
The principal difficulties have arisen from the necessity of heating 
the charge out of contact with flame. As always carried out hereto- 
fore, the charge has been, at the reaction temperature, a solid or 
semisolid mass of small briquets. This type of material has a very 
low heat conductivity, and the thermal efficiency of the process has 
therefore been extremely low. Further disadvantages of this type 
of heating are the rapid burning out of the metallic retorts in which 
the charge is treated, and the small capacity of the retorts with con- 
sequent high labor costs. 

Work on the first type of research has been started at the Fixed 
Nitrogen Research Laboratory. It is already apparent that the re- 
action is not nearly so rapid as has been sometimes claimed. More- 
over, the results are erratic and the conversion not high, results above 
50 to 60 per cent conversion being unusual. It has also been found 
that care must be used in selecting the coke used for the briquets. 
Certain commercial grades of coke containing considerable silica and 
alumina give practically no conversion. 

It is hoped that ultimately an exhaustive study of the mechanism 
of the process will be completed, including a determination of the 
intermediate reactions which take place, the speed of these inter- 
mediate reactions, the factors governing the speed of the intermediate 
reactions, and the factors determining the maximum conversion of 
sodium carbonate to sodium cyanide. 
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No research of an engineering type is yet being carried out by the 
laboratory, but it is hoped that a better insight into the nature of the 
reactions taking place may suggest new and better ways of carrying 
out the reactions on a large scale. 

5. The Properties and Methods of Transforming Nitrogen Products. 

A large part of the effort of the Fixed Nitrogen Eesearch Labora- 
tory has been devoted to a study of the transformation of nitrogen 
containing substances from one form to another. This has been of 
special importance in connection with the possible utilization of the 
Muscle Shoals plant, since the two products, cyanamide and am- 
monium nitrate, which the plant is designed to produce, are not now 
used in America in great quantities in peace times. The general con- 
clusion has been reached that the peace-time operation of the Muscle 
Shoals plant is entirely feasible if changes in the plant are made. 
It is believed that such utilization is for the best interests of the 
country, both from the point of view of agriculture and from the 
point of view of military preparedness, and that the operation 
of this plant for the manufacture of fertilizer and other substances 
useful in the arts can be made entirely self-supporting, and perhaps 
profitable if the interest charges on the capital invested are not made 
too high. 

A brief statement of the results obtained by the laboratory with 
various transformation processes is given below : 

a. Oiling and hydrating cifanamide, — ^The fundamental step in the 
cyanamide process consists in the reaction between calcium carbide 
and nitrogen to form calcium cyanamide. The crude product thus 
obtained goes by the name of lime-nitrogen and contains about 60 
per cent calcium cyanamide, 18 per cent free lime, 12 per cent carbon, 
and 1.5 per cent carbide. Before this material can be autoclaved to 
form ammonia it is hydrated with enough water to destroy the car- 
bide. This is called minimum hydration. 

For use as a fertilizer material the addition of water to lime-nitro- 
gen is carried beyond the point of minimum hydration in order to 
hydrate the free lime as well as destroy the carbide, and oil is also 
added to decrease dustiness, the completely hydrated and oiled ma- 
terial going by the trade name of Cyanamid. Since but little infor- 
mation is available in the literature concerning the best method of 
such oiling and hydrating operations, an investigation of this matter 
has been made at the laboratory. 

It was found that considerable care must be taken in the oiling and 
hydrating operation to prevent the formation of undue amounts of 
the agriculturally undesirable substance dicyanodiamide. 

Using a Werner and Pfleiderer jacketed mixer with a mixing 
chamber of about 1.9 cubic feet, dicyanodiamide was found to form 
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in appreciable quantities if the conditions were as follows : A hydra- 
tor jacket at 80° C, a mixing time at this temperature of 60 minutes 
or longer, slow speed stirring (60 revolutions per minute at drive 
shaft), and an excess of water introduced as a coarse spray (5 open- 
ings one-sixteenth inch in diameter). 

To prevent the formation of this material, the water must be added 
in a reasonably fine spray, with thorough agitation. Addition of 
more water than that theoretically required (6 to 6.5 per cent) should 
be avoided and the temperature should be as low as possible. 

It was found that the loss of ammonia during hydration was negli- 
gible in spite of the strong odor (loss estimated as about 0.04 per cent 
of the total nitrogen present). 

The increase in volume on hydration was found to be about 9 per 
cent. 

The oil as well as the water should be introduced as a fine spray 
in order to insure proper distribution. 

&. Granvlation of cywnmmde, — The dustiness of cyanamide and its 
toxicity to the human skin would make a granulated product very 
desirable. For this reason the laboratory has made studies of the 
possibility of granulating cyanamide by the addition of water and 
various aqueous solutions, followed by extrusion under pressure 
through a perforated plate. In agreement with the work of other 
investigators it has been found possible in this way to produce firm 
granules of entirely desirable physical characteristics. It was not 
possible, however, with such a granulation process to prevent the 
formation of excessive quantities of dicyanodiamide, which always 
arises when excess of water is added to lime-nitrogen. For this 
reason it seems doubtful if granulation with water can ever be suc- 
cessful when cyanamide is to be used for agricultural purposes. 

Some experiments have also been made to see if the original lime- 
nitrogen pig could be crushed to desired size and the carbide then 
destroyed without disturbing the strength and size of the granules. 
This has, however, not been found to be feasible. 

c. Treatment of Gycmamide with sulphuric acid. — Cyanamide is a 
highly basic material, both because of the lime present and because of 
the basic nature of calcium cyanamide itself. For this reason its use 
in America in mixed fertilizers has been limited to about 50 to 60 
pounds to the ton, since in large quantities its reaction with acid 
phosphate causes reversion of the phosphate to an insoluble form. 

In order to overcome this difficulty, the laboratory has attempted 
the treatment of lime-nitrogen with enough excess sulphuric acid to 
insure the conversion of the cyanamide to the agriculturally desirable 
substance urea, followed by neutralization of the excess ajcid with 
ground phosphate rock to produce soluble phosphate. 
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It was not found possible, however, to make such a process entirely 
successful. A considerable amount of the nitrogen is converted, 
instead of to urea, into the agriculturally less desirable substance, 
guanylurea. Some of the nitrogen also goes to ammonia, which 
decreases the amount of excess sulphuric acid available for action on 
the phosphate rock. And, finally, the phosphate rock which has to 
be ad(ied can be only partially converted to the soluble form. 

Controlling the temperature by blowing air through the reacting 
mass, it was found possible to produce a material which contained 
about 6 per cent total P2O5 and 6 per cent nitrogen. About 60 per 
cent of the P2O5 was in the citrate-soluble form, and the nitrogen 
was present in the following forms: Urea, 55 per cent; guanylurea 
sulphate, 33 per cent; ammonium sulphate, 5 per cent; undeter- 
mined, 7 per cent. 

The physical quality of this material was entirely satisfactory. 
Its chemical nature, however, can not be regarded as satisfactory. 
Furthermore, cost estimates indicate that the contained nitrogen and 
phosphate would be more expensive than in equivalent amounts of 
ammonium sulphate and acid phosphate. 

d. Calcined phosphate for mixture with cyanarmde. — Owing to the 
impracticability of using large quantities of cyanamide in a fertilizer 
containing acid phosphate, the suggestion has often been made that 
cyanamide might be mixed with a new material known as calcined 
phosphate, which may be made by heating phosphate rock together 
with niter cake and carbonaceous material in a rotary kiln. This 
calcined phosphate can be made so as to contain a high percentage 
of citrate soluble phosphate, and its mixture with cyanamide has 
been found to be entirely feasible. 

The new material, calcined phosphate, has not yet come on the 
market, although a new company, the Midwest Chemical Co., has 
recently been formed at Nashville, Tenn., to undertake its manu- 
facture. 

In order to assist in obtaining information which might be valu- 
able in the manufacture of calcined phosphate, the laboratory has 
carried out a very considerable number of experiments on the pro- 
duction of this material, using a Fletcher gas furnace as well as a 
3-foot rotary kiln. Using ground phosphate rock and any alkali, or 
an alkaline salt, together with enough carbon to reduce it, it was 
found possible to obtain by calcination a material having a high 
citrate solubility. The general conclusion was reached that the cal- 
cination process is technically feasible and that citrate soluble phos- 
phate could probably be produced hy this process at a lower cost 
than by the manufacture of acid phosphate. 

The chemical nature of the changes produced in the phosphatic 
material was found to be very complicated, and it is believed that 
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at least part of the increase in solubility is due to an increase in the 
fineness of subdivision of the. tertiary calcium phosphate, brought 
about by an intermediate reaction between the calcium phosphate 
and the alkaline oxide during the calcination followed by regenera- 
tion of the calcium phosphate in a lower part of the kiln. 

e. Storage experiments on mixtv/res contcdmng cyanamide. — The 
changes that occur on storage in mixtures of fertilizer materials that 
contain cyanamide are a matter of great importance from the agri- 
cultural point of view. The worst thing that can happen on storage 
of such mixtures is the formation of dicyanodiamide. This material 
is not only somewhat toxic to plant growth but is even more harmful 
in killing or preventing the action of the nitrification bacteria in the 
soil, and thus delays the transformation of ammonia nitrogen into 
nitrate nitrogen. Another undesirable reaction that can take place in 
fertilizers containing both cyanamide and acid phosphate is the re- 
version of the phosphate to the citrate insoluble form. This reaction 
occurs because of the free line in cyanamide and also because of tto 
highly basic character of calcium cyanamide itself and has limited 
to small amounts the addition of cyanamide to fertilizers containing 
acid phosphate. 

Work in the laboratory has shown that cyanamide can be mixed 
with calcined phosphate or with the duplex basic phosphate manu- 
factured by the Tennessee Coal & Iron Co. without any appreciable 
reaction taking place between the cyanamide and the phosphate, 
even on continued storage. 

When mixed with acid phosphate in the proportion of 50 pounds 
of cyanamide to a ton of mixed fertilizer containing 1,000 pounds 
of acid phosphate and the balance inert material, it is found that 
the cyanamide is largely converted into urea. When the proportion 
is raised to 100 pounds to the ton, prohibitive amounts of dicyano- 
dianaide. are formed within a few days. This formation of dicyan- 
odiamide coupled with the reversion of acid phosj^ate means that 
large additions of cyanamide to mixed fertilizers must be made 
very cautiously. 

In connection with the results just described it should be noted 
that these experiments were made using cyanamide und acid phos- 
phate in the proportion of 60 pounds to 1,000 pounds, and inert ma- 
terial to represent the remainder of the ton. In actual fertilizer 
practice the formation of dicyanodiamide may be greatly lessened 
by the interaction of cyanamide and organic forms of nitrogen pres- 
ent in the mixture coming from tankage or other similar material. 
Under these conditions it is believed that with proper control greater 
amounts than 60 poimds of cyanamide to the ton might prove to be 
practicable. 



226 KEPOBT ON FIXATION AND UTILIZATION OF NITROGEN. 

In connection with the use of cyanamide it should be pointed out 
that mixture with chlorides should be avoided, owing to the forma- 
tion of ^^^ very hygroscopic salt calcium chloride. This lay lead 
to the absorption of considerable water, which itself produces fa- 
vorable conditions for the reaction of cyanamide to form dicyan- 
odiamide. 

/. Tfie chemistry of cyanamide. — A thorough knowledge of the 
chemical behavior of cyanamide in aqueous solutions is of great im- 
portance both from the point of view of the utilization of cyanamide 
as a fertilizer and also from the point of view of using cyanamide 
as a basic material for the synthesis of organic compounds. The 
laboratory has carried out rather extensive research on this matter 
which it is hoped may be published in the near future. A few of 
the significant results may be stated here. 

Free cyanamide is a very weak acid and in neutral solutions is 
largely present as the undissociated acid HgCNg and this substance 
is relatively stable in neutral solution. 

The addition of acid to a neutral solution of cyanamide leads to 
hydrolysis to form urea in accordance with the reaction. 

H,CN,+H,0=(NH,),CO. 

This reaction has been found to be of the first order, the velocity 
constant being approximately proportional to the concentration of 
hydrogen ion, which acts as a catalyst. Practically complete con- 
version to urea can be obtained in this manner. 

The addition of an alkali to a solution of free cyanamide also leads 
to hydrolysis to form urea, hydroxide ion as well as hydrogen ioD 
apparently being a catalyst for the reaction. The addition of an 
alkali has, however, an additional effect in leading at the same time 
to the polymerization of cyanamide to form dicyanodiamide. The 
experiments of the laboratory in this connection have led to a sub- 
stantiation of the ionic theory of Griibe and Nitsche for the forma- 
tion of dicyanodiamide. The first effect of alkali addition is to lead 
to the formation of the acid cyanamide ion in accordance with the 

reaction 

H2CN2+OH=H20+HCN2. 

The acid ion and the remaining free cyanamide then react to form 
the negative ion of dicyanodiamide in accordance with the reaction 

In particular justification for these ideas it has been found that 
although the rate of hydrolysis of cyanamide to form urea increases 
continuously with additions of alkali, the rate of dicyanodiamide 
formation passes through a maximum when the alkali addition is 



BEPORT ON FIXATION AND UTILIZATION OF NITBOGEN, 227 

such as to give an approximate equality of the free cyanamide and 
acid cyanamide ion present. 

These results have been found of great value in interpreting the be- 
havior of aqueous extracts from cyanamide, in interpreting the be- 
havior of fertilizer mixtures containing cyanamide, and in developing 
methods for the preparation of free cyanamide, dicyanodiamide, etc. 

g. The preparation of cyanamide. — ^The substance free cyanamide 
HgCNg is an important one from the research point of view and as a 
base for organic syntheses. If it could be made with reasonable 
cheapness from cyanamide, its use might be greatly extended. 

The usual methods for the preparation of this material have been 
very complicated, expensive, and practicable only on a laboratory 
scale. They have consisted, in general, of the following steps: (1) 
Liberation of free cyanamide by treatment of cyanamide with an acid 
in the presence of the entire lime content, keeping the temperature as 
low as possible, (2) drying the cyanamide-acid slurry as rapidly as 
possible and yet at a comparatively low temperature, about 40° C, 
(3) extraction of the free cyanamide from the dried slurry by means 
of ether, followed by concentration of the ether solution and recrys- 
tallization, if desired. 

These methods always lead to the formation of considerable dicya- 
nodiamide and urea during the neutralization process and there is a 
large waste of the expensive material, ether. 

The laboratory has developed an efficient method for the production 
of this material which is based on the stability found for free cyana- 
mide in strictly neutral aqueous solutions; The following process 
has been found to be satisfactory. 

Extract cyanamide with five times its weight of water at a tempera- 
ture not exceeding 25° C. Through agitation of the slurry for two 
hours is sufficient to give as good as 94 per cent extraction. 

The solution thus obtained is found to contain calcium acid cyana- 
mide Ca (HCN2)2. It is separated from the sludge in a filter press, 
and washed with an amount of water about equal to the original 
weight of cyanamide. 

The solution is then exactly neutralized with sulphuric acid and 
the precipitated calcium sulphate filtered and washed. 

The neutral solution thus obtained can be safely evaporated at 75° 
C. and crude cyanamide HgCNj be obtained with a purity of over 90 
per cent. The fotal yield by this method is also better than 90 per 
cent. Bepurification from ether can be used if a purer product is 
desired. 

h. The preparaMon of dicyanodiamide. — Experiments have been 
made at this laboratory to determine the best methods of producing 
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dicyanodiamide. The following process has been found to be satis- 
factory. 

Extract cyanamide for 30 minutes with five times its weight of 
water at a temperature between 45 and 50^ C. 

Filter the slurry as quickly as possible, washing with an amount 
of water about equal to the original weight of the cyanamide. 

Add at once enough sulphuric acid to put half the cyanamide in 
the free form, thus obtaining the best conditions for polymerization. 
Raise the temperature to 75^ and gradually add the remaining acid 
necessary for complete neutralization. This addition should keep 
pace, of course, with the process of polymerization, which will take 
in all about two hours at 75° G. 

Filter off the calcium sulphate and recover the dicyanodiamide 
from solution by evaporation and recrystallization, if desired. The 
first crystallization should give a product 90 to 94 per cent dicyano- 
diamide and a single recrystallization 96 to 97 per cent dicyanodia- 
mide. The total recovery should be about 85 per cent dicyanodia- 
mide. About 10 per cent of the nitrogen goes to urea and the rest 
into undetermined substances. 

i. The preparation of guanidhie, —O-^ing to the present interest 
in nitroguanidine as a possible constituent of smokeless powders, the 
fact that cyanamide is the natural commercial source for gudnidine 
becomes a matter of considerable significance. Guanidine itself and 
other derivatives thereof are also liable to be of commercial im- 
portance in the future. 

The laboratory has found that guanidine salts can be most advan- 
tageously prepared by autoclaving at 155° a solution containing free 
cyanamide, prepared as described above, and the corresponding am- 
monium salt. In the case of guajiidine nitrate a yield of about 80 per 
cent figured on the basis of the .cyanamide can be obtained. 

j. The production of urea from, ammoma and carbon dioxide. — One 
of the most attractive nitrogen-eointaining materials from a fertilizer 
standpoint would be the substance urea, if it could be manufactured 
cheaply enough. At the present time this material is generally re- 
garded as a chemical to be sold in small lots with prices of over a 
dollar a pound. Considerable quantities, however, go into the manu- 
facture of transparent celluloid, such as is used in moving-picture 
films, and although this is not sold in the open market, it undoubtedly 
moves at considerably lower prices. 

For the larger quantities needed in the celluloid industry, urea may 
be produced from cyanamide by acid hydrolysis or may be manufac- 
tured from ammonia and carbon dioxide by a method which is ap- 
parently already in operation in Germany. 

The ammonia-carbon dioxide method is undoubtedly the most hope- 
ful one for the future. The process consists in the preparation of 
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ammonium carbamate by condensation from ammonia and carbon 

dioxide gases, followed by autoclaving at a temperature over 100°, 

thus obtaining a partial conversion into urea in accordance with the 

reaction 

(NH3),CO,= (NH,),CO+HA 

The unconverted carbamate is then distilled off from the urea and 
put through the process once more with the addition of enough am^ 
monia and carbon dioxide to make up the original mixture. 

The laboratory has experimented with this process and determined 
the best methods for carrying out a number of the steps. It has been 
found that autoclaving at 150° C. will lead to a 40 per cent conver- 
sion to urea in four hours. Methods for the condensation of car- 
hamate in a condenser provided with a rotary scraper have been de- 
veloped, and the practice of briquetting the carbamate so that it can 
be loaded into the autoclave without the necessity of cooling down 
has also been investigated. Patents covering these features have been 
applied for. 

There seems a possibility that urea might ultimately be obtained at 
fertilizer prices by using the carbamate process, and in any case the 
production of urea for the celluloid trade by the carbamate method 
should be very attractive. 

k. Decomposition of vnrea in aulpkurio acid. — One of the important 
reactions of urea is its decomposition to form ammonia in accordance 
with the reaction , 

(NH^) 2CO+2H20=2NH,+C03. 

« 

It is generally believed that this reaction is catalyzed by the pres 
ence of hydrogen ion, and work in this laboratory has confirmed this 
point of view. Work in this laborary has also shown, however, that 
very large additions of acid decrease the rate of decomposition. This 
may be explained by the formation of a salt of urea in concentrated 
acid which protects it from decomposition. 

I, Ammoniated superphosphate. — ^A possible method of putting 
large quantities of ammonia into a form available for fertilizer pur- 
poses would be to absorb the ammonia in acid phosphate and thus 
produce a material containing both phosphate and ammonia. 

Experiments made on this material at the laboratory have shown 
that ammoniated superphosphate containing 6.6 to 6 per cent am- 
monia can be made, using ordinary 16 per cent superphosphate. The 
final product contains approximately the same per cent total phos- 
phoric acid as the original superphosphate, owing to elimination of 
water. About 80 to 85 per cent of this phosphate is soluble in 2 per 
cent citric acid, but the solubility in ammonium citrate is consider- 
ably reduced. The conclusion was reached that this would be a 

100676'— 22 16 
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profitable material to manufacture if it could be sold on the basis of 
its citric acid solubility, but that it would not compete with equiva- 
lent quantities of ammonium sulphate and superphosphate if it had 
to be sold on the basis of the citrate solubility of its phosphoric acid. 

m. Amm(mivnn phosphate, — ^The production of monoammonium 
phosphate would be an ideal way of disposing of ammonia if phos- 
phoric acid could be produced at a low enough figure. At the pres- 
ent time phosphoric acid is produced by the American Cyanamid 
Co. by treating phosphate rock with sulphuric acid. This acid is then 
neutralized with ammonia, the resulting material sold under the 
trade name of "Ammo-Phos." This process, however, requires for 
the manufacture of a given amount of ammonium phosphate more 
sulphuric acid than the equivalent amount of acid phosphate and 
ammonium sulphate, and hence can not compete except where high 
freight rates give an advantage because of the highly concentrated 
nature of the final product. For this reason "Ammo-Phos " has only 
been manufactured for the export trade. 

The production of cheap phosphoric acid directly from phosphate 
rock by a thermal or electrothermal process would be a great advance 
and one which is fairly certain to occur within the next decade. This 
material is already being produced in the electric furnace on a com- 
mercial scale by the Federal Phosphorus Co., of Anniston, Ala. In 
this connection a considerable number of experiments have been car- 
ried out at the laboratory to determine the mechanism of the chemi- 
cal reactions by which phosphorus is liberated from phosphate rock. 
The following somewhat tentative conclusions have been reached : 

{a) P2O5 can not be expelled from Ca3(PO^)2 by silica below 
1,800° C. to 2,000° C. The reason for this is the stability of 
Ca8(P04)2 as against the very weakly acidic character of Sioj. 

(&) Ca3(P04)2 is reduced by carbon, the reaction beginning about 
1,300° C. Up to 1,600° phosphorus is liberated, leaving a residue 
of lime, CaO. At 1,700° to 1,800° a mixture of calcium carbide and 
calcium phosphide is formed. 

{c) The mechanism of the reaction of calcium phosphate, silica, 
and carbon is believed to be partly in accordance with the following 
equations : 

CX (POJ 2+3Si02=Ca3 (POJ 2.3Si02 

CX (PO J 2.3Si02+5C=3CaSi03+2P+6CO 

A portion of phosphorus is probably also liberated according to 
the equations: 

Ca8(P04)2+5C=3CaO+2P-f5CO 
CaO+SiO,=CaSiO,, 
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The reaction of calcium phosphate, silica, and excess carbon oc- 
curs quite rapidly even at 1,300°, incipient clinkering taking place at 
about this temperature. 

If phosphoric acid made by some thermal method does become 
available in large quantities, it will have the added advantage of 
greater concentration than that made by the sulphuric acid process. 
This will make it possible to produce ammonium phosphate in 
saturators similar to those used for ammonium sulphate manufac- 
ture, the precipitated salt being removed by centrifugation without 
the necessity of evaporation as is the case with dilute acid. The 
methods for carrying out such a process have been worked out in 
the laboratory and patented. 

n, Ths graining cmd coating of amnnoniuni nitrate. — The Muscle 
Shoals plant produces as its final product ammonium nitrate. This 
material was intended for use as a high explosive in mixture with 
T. N. T. to form the material known as amatol. Ammonium nitrate 
has not, however, been used for fertilizer purposes in more than ex- 
perimental amounts, and in the untreated form is too deliquescent 
and too liable to cake to make such use feasible. For this reason, 
the laboratory has undertaken researches to determine the best 
methods of graining and coating this material so as to reduce its 
hygroscopicity and liability to cake. 

Experiments on tlie graining of this material were carried out in 
a small graining kettle which reproduced the conditions actually ob- 
tained in the kettles used when ammonium nitrate is grained for the 
manufacture of high explosives. 

It was found most desirable for fertilizer purposes to obtain large 
grains (20 mesh) with the least possible water content. Small grains 
have a larger relative surface which leads to increased hygroscopicity, 
and high-water content leads to a gradual process of solution and re- 
crystallization with a consequent setting up or caking. 

The grain size was found to be dependent on the melting point 
(i. e., water content) of the molten ammonium nitrate which is in- 
troduced into the graining kettle. A low water content with conse- 
quent high melting point leads to the production of large grains. 
Such a low water content also has, of course, the additional beneficial 
effect of reducing the moisture of the final product. A further means 
of reducing the water content of the final product was found to lie in 
a prolonged stirring of the material at the transition temperature of 
125° where the ammonium nitrate undergoes a transition from the 
regular to the rhombohedral crystal form. This transition is ac- 
companied by evolution of heat which together with the change in 
crystal form seems to produce ideal conditions for water expulsion. 

For coating the grained material a number of substances were 
tried with the final conclusion that 2 per cent of petrolatum intro- 
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duced into tho graining kettle when the temperature has come down 
to 70*^ C. gives tho best results. 

The final material obtained by this graining and oiling process 
is more hygroscopic than Chilean saltpeter or ammonium sulphate. 
Nevertheless, it is believed that it could be satisfactorily used in 
mixed fertilizers. 

o. The graining and coating of calcium ndtrate. — Calcium nitrate, 
sometimes known as Norwegian saltpeter, is one of the common end 
products of the arc process. This material suffers from the same dis- 
advantages for fertilizer use as ammonium nitrate and is perhaps 
even more hygroscopic. 

For this reason the laboratory has initiated experiments on the 
graining and coating of calcium nitrate similar to those on ammo- 
nium nitrate, but the best conditions for doing this have not yet 
been fully determined. 

p. Double salt of ammonium nitrate and armaormmh sulphate. — 
Reports indicate that a double salt of ammonium nitrate and ammo- 
nium sulphate is being used for fertilizer purposes in Germany. 
Experiments with this material have been made at the laboratory. 

The salt has the composition (NH4)2.S042NH^N03 and hence 
would be a relatively concentrated fertilizer material. It can be pre- 
pared by crystallization from solution and centrifugation. It has 
been found desirable to control the conditions of preparation very 
carefully and to wash the centrif uged material with a saturated solu- 
tion of ammonium sulphate. The material is less hygroscopic than 
ammonium nitrate and could probably be used in fertilizers. Its 
agricultural value has been found to be excellent. 

Search for a double salt of ammonium nitrate and ammonium 
phosphate has also been undertaken at the laboratory, but none seems 
to exist. 

q. Mixed salt from, ammonium nitrate and pota^smm chloride. — As 
another method of putting ammonium nitrate in a satisfactory form 
for fertilizer use, it has been found possible to mix solutions of 
ammonium nitrate and potassium chloride and prepare by double 
decomposition a mixture of ammonium chloride and potassium nitrate 
in accordance with the reaction 

NH,N03-fKCl=NH,Cl+KN03. 

This mixed salt contains two fertilizer components, ammonia and 
potash, and the possibility of its manufacture would depend, of course, 
on obtaining for the potash a price at least as high as that originally 
paid for it. When made from reasonably high-grade potassium 
chloride the mixture is nonhygroscopic enough for fertilizer use. 
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r. Mixed salt from arwmoniuTn nitrate and 'potassium sulphate, — ^It 
has been found that a similar mixed salt to that just described can be 
made by the reaction 

2NH,N03+K2SO,zz: (NH,)2SO,+2KN03. 

This is also a technically satisfactory solution of the problem of 
putting ammonium nitrate in a form suitable for fertilizer use and 
has the agricultural advantage of introducing sulphate ion instead 
of chloride ion, which can not be used with some crops. To obtain a 
nonhygroscopic mixture, reasonably high-grade potassium sulphate 
must be used. 

s. Arrimonia oxidation to produce nitrogen tetroxide, — For military 
purposes fixed nitrogen in the nitrate form is necessary, and this 
has led to the development of methods for oxidizing the ammonia 
which can be obtained either from by-product coke ovens or from 
nitrogen fixation by the cyanamide or Haber processes. These meth- 
ods consist in the passage of ammonia gas together with air through 
a catalyst, which is usually a hot platinum gauze. Oxidation takes 
place approximately in accordance with the reaction 

4NH3 + 5O2 - 4N0 + 6H3O. 

Oxidation by such a method has been found to be quite satisfactory, 
although there is some loss of fixed nitrogen. The nitric oxide thus 
obtained is usually allowed to combine with excess oxygen to form 
nitrogen dioxide (NO^) and is then absorbed in towers to give nitric 
?.ci*d as in the arc process. 

The difficulty of shipping nitric acid leads to a consideration of the 
possibility of preparing liquid nitrogen dioxide (NO2), or more 
strictly speaking, the polymer, nitrogen tetroxide (^204)- This ma- 
terial could be shipped in cjdinders and then used at the receiving 
point to produce nitric acid. Its direct use in the explosive anilite 
or as a nitrating or oxidizing agent for organic substances is also a 
promising possibility. For these reasons the methods of producing 
liquid tetroxide (N2O4) by the oxidation of ammonia have been 
considered by the laboratory. 

The most difficult feature in such a production of liquid tetroxide 
lies in the fact that nitrogen dioxide and tetroxide react rapidly with 
water to form nitric acid, thus necessitating a rapid removal of 
most of the water produced by the oxidation. 

It has been found that by rapidly chilling the gases which come 
from the oxidation chamber to 25° C, it is possible to condense out 
most of the water before the nitric oxide formed by the combustion 
has had time to react appreciably with the excess oxygen to form 
dioxide. Experiments have shown that the amount of fixed nitrogen * 
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taken up by the water thus condensed can be reduced to 0.4 per cent 
of the total. 

After such a preliminary condensation of water, gases can be ob- 
tained containing about 12 per cent nitrogen dioxide and 3 per cent 
water vapor. By using air enriched with oxygen for burning the 
ammonia a higher percentage of the dioxide could be obtained. Ex- 
periments are now under way looking to the further separation from 
the 3 per cent water vapor, which will make it possible to obtain a 
pure dry liquid tetroxide suitable for shipment in cylinders. 

t. Reaction between ozone and nitrogen tetroxide, — Studies have 
been made in the laboratory of the reaction between ozone and nitro- 
gen tetroxide to form nitrogen pentoxide in accordance with the re- 
action 

Since this reaction forms the anhydride of nitric acid, it has some 
technical interest, owing to the possibility of using it for the prepara- 
tion of fuming nitric acid of any desired concentration. The high 
cost of ozone manufacture would preclude its very general use, but 
it might be of importance in recovering dilute nitrous fumes leaving 
the absorption towers which would otherwise be wasted. 

Experiments with the reaction have shown that with concentra- 
tions of ozone up to 7 per cent 1 mol of ozone is just enough to oxi- 
dize '1 mol of tetroxide. Experiments were also made with higher 
concentrations of ozone, but since ordinary analytic methods fail 
with ozone of high concentration, it has not yet been possible to de- 
termine whether or not the 1 to 1 ratio between the tetroxide and 
ozone is maintained. 

The reaction between tetroxide and ozone was found to be prac- 
tically instantaneous, a matter of interest from the technical point 
of view. 

u. Decomposition of nitrogen pentoxide. — The rate of decomposi- 
tion of gaseous nitrogen pentoxide has been studied by the labora- 
tory. 

In the dark the reaction was found to be monomolecular. The 
velocity constant was not affected by the introduction of glass wool 
into the reaction vessel, thus indicating a true monomolecular reac- 
tion rather than diffusion to the walls with subsequent reaction. The 
rate of reaction was determined at temperatures from 0° to 65° C. 
The temperature coefficient for the rate of reaction was found to be 
of the order of 300 per cent for a 10° rise. The critical increment for 
the reaction was found to be about 24,700 calories. On the basis of 
the Perrin-Lewis theory of reaction velocity, this would lead to a 
photochemical decomposition of nitrogen pentoxide by light of wave 
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length of 1.16[i.. A detailed description of the methods and results 
will be found in the Jour. Amer. Chem. Soc. 43: 63 (1921). 

In the light the decomposition was found to be photochemical. It 
was found that light having wave lengths in the region 400 to 460ijl 
accelerates the decomposition, provided the dioxide is present. In 
the absence of dioxide the photochemical action apparently ceases. 
Light of wave length LlGji. was not photochemically active, in dis- 
agreement with the Perrin-Lewis theory of reaction velocity. A 
detailed description of this work will be found in the Jour. Amer. 
Chem. Soc. 43 : 72 (1921). 

V. Vapor pressure of nitrogen pentoxide. — Measurements have 
been made at the laboratory of the vapor pressure of solid nitrogen 
pentoxide. They will be found in the Jour. Amer. Chem. Soc. 
42:1131 (1920). 

w. Methods of analysis for dicyanodiamide and urea. — ^In the work 
of the laboratory on cyanamide and its derivatives, methods of 
analysis for dicyanodiamide and for urea have been developed which 
have been largely responsible for the success achieved in following 
the complicated changes which take place when cyanamide is mixed 
with fertilizers or used as an aqueous extract. Previous to the de- 
velopment of these methods, urea under such circumstances has 
almost always been determined by difference, while the analysis for 
dicyanodiamide has been subject to great uncertainties, usually in 
the direction of too high results. A description of these methods 
will be of use to other investigators. 

The method for the determination of dicyanodiamide is based on 
the fact that dicyanodiamide is converted quantitatively to guany- 
lurea when heated with acid in water solution. The guanylurea is 
precipitated as nickel guanylurea and weighed as such. It has been 
necessary to do considerable research work on this method to deter- 
mine the optimum conditions for the conversion and precipitation, as 
the length of time for digestion and the concentration of the acid 
largely determines the accuracy of the method. 

A suitably sized sample of cyanamide is extracted with acetone 
for about three hours, filtered through a dry filter, and an aliquot 
of the filtrate taken just to dryness on the steam bath. The residue 
is taken up with 20 to 25 c. c. of N/4 HNOg and again taken to dry- 
ness in about two hours' time. This residue is taken up with about 
15 c. c. of an ammoniacal 10 per cent mannitol solution saturated with 
nickel guanylurea. Addition is made of 1 to 2 c. c. of nickel nitrate 
solution (20 g. Ni (NO8)2.6H2O-10 g. NH^NOg-eO c. c. H^O, sat- 
urated with nickel guanylurea), followed by 20 per cent NaOH solu- 
tion until the color changes to greenish yellow. The container is 
tightly covered and allowed to stand overnight. The precipitate is 
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gathered in a weighed Gooch crucible, washed with about 100 c. c. 
of dilute ammonia water saturated with nickel guanylurea. The 
crucible is dried at 125° C. for one hour and again weighed. 

The salts of guanylurea and biguanide are the only known deriva- 
tives of cyanamide that will interfere, and, as these substances are 
insoluble in acetone, they do not interfere in an acetone extraction. 
In case of water solutions, however, containing these compounds they 
must be either removed previous to digestion or else determined as 
a blank. 

X. The determination of urea in cyanamide and cyanamide mix- 
tures.-^Fov urea a method has also been developed at this laboratory 
whereby urea can be easily and rapidly determined in cyanamide and 
cyanamide mixtures. The enzyme, urease, which converts urea into 
ammonium carbonate, is the reagent used. The procedure is a modi- 
fication of the method recommended by Marshall * for the determina- 
tion of urea in urine. A suitably sized sample is extracted with 
water for two hours, the calcium precipitated by the addition of 
anhydrous sodium carbonate, and the extract filtered through a dry 
filter. An aliquot of the filtrate is made distinctly acid with HCl, 
using methyl-red as indicator, and aerated five minutes to remove 
excess COg. It is then made exactly neutral and 10 c. c. of neutral 
urease solution added. After standing for one hour at room tem- 
perature, a measured excess of standard N/10 HCl solution is added, 
followed by a second aeration for five minutes. The excess acid is 
then titrated with standard N/10 NaOH solution. The acid used 
up is a direct measure of the ammonia formed from the urea. 

In case phosphates are present, it is necessary to remove them 
also previous to the addition of the urease solution. This can be 
done by precipitating with Ba(0H)2. The excess barium is then 
removed, together with the calcium, as carbonates. 

The urease solution is best prepared fresh each day, as it takes 
only a few minutes to prepare it, and its activity is much greater 
when fresh. To do this, extract 5 grams of Jack-bean meal (60 to 
100 mesh) with 100 c. c. of water for 6 to 10 minutes with frequent 
stirring, add 6 c. c. of N/10 HCl, and filter off the insoluble residue. 
The filtrate should react neutral to methyl-red. Ten c. c. of this 
solution is sufficient to convert 0.1 gram of urea to ammonium car- 
bonate in less than one hour at ordinary temperature. 

The above method has been in use at the laboratory for many 
months and has given entirely satisfactory results. Urease is spe- 
cific for urea. It does not attack cyanamide itself, but cyanamide 
is readily hydrolyzed to urea in either alkaline or acid medium, and 
for that reason it is necessary to reduce the time of analysis to tht^ 

•E. K. Marshall. Jour. Biol. Chcm. 14:283 (1913). 
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minimum, avoiding strong acid or alkaline solutions or elevated tem- 
peratures as much as possible, in that way eliminating the only error 
that is likely to enter into the analysis. 

6. Agrricultural Experiments. 

A considerable number of agricultural experiments have been car- 
ried out by the laboratory in order to determine the availability as 
fertilizers of the various products which could be made at Muscle 
Shoals. 

a. Pot tests, — In cooperation with the Bureau of Plant Industry, 
pot tests have been carried out, using beans and wheat grown in Nor- 
folk Sandy Loam and Chester Loam, with the addition of various 
nitrogenous materials as fertilizers. 

The results of pot tests can only be regarded as indicating in a 
very general way the agricultural characteristics of fertilizer mate- 
rials. The tests in question showed that urea, ammonium nitrate, 
ammoniated superphosphate, and cyanamide are all reasonably satis- 
factory sources of nitrogen. 

In agreement with the results of other investigators, dicyanodia- 
mide was found to be very toxic to plant life. Guanylurea sulphate 
was also found to be toxic in heavy applications, although not so 
seriously as dicyanodiamide. 

6. Field experiments, — In order to assist in making wise plans for 
the future utilization of the Muscle Shoals plant, fairly extensive 
field experiments with various nitrogenous materials have been car- 
ried out and are now in their third year. The crops selected for test 
have been cotton and corn, these being the most important crops in 
the whole of the agricultural region surrounding the plant. About 
20 acres are under cultivation, divided into one-fortieth and one- 
twentieth acre plots with three different soil types. The complete 
and elaborate data obtained in these tests can not be presented in a 
limited space. A summary of the conclusions obtained up to date 
is given below. 

The two nitrogenous materials which were used as standards in 
these tests were sodium nitrate and ammonium sulphate, and they 
proved to be of about equal value for both cotton and corn. 

Ammonium nitrate was as readily available as sodium nitrate and 
gave similar responses to growth except that it was slightly more 
toxic to corn on one plot at the highest rate of application. The 
yields of both corn and cotton were so nearly the same with both 
fertilizers as to be within experimental error. It may be stated, 
then, that the two materials were essentially of equal value under the 
conditions used. 

Cyanamide showed somewhat variable results, thus emphasizing 
the important role that soil and climatic conditions play in making 
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its nitrogen available for plant use. When used on corn it was of 
practically equal value to the other forms of nitrogen. On cotton 
the yields were almost as good as with sodium nitrate and ammonium 
sulphate on one plot, inconclusive on a second, and very poor on the 
third and fourth. The primary explanation for the differences in 
responses with corn and cotton is attributed to the fact that corn can 
thrive on ammonium nitrogen, while cotton requires nitrates for its 
best growth. 

It was found that cyanamide could be mixed with calcined phos- 
phate, basic slag, or raw rock phosphate, but if used with acid phos- 
phate must be applied separately. 

Mixed salt, made from potassium chloride and ammonium nitrate, 
gave only fair results, but since the material was used on only one 
series of plots, and these were located on a rather unfavorable soil, 
it is felt that further experimentation is necessary to prove its true 
value. So far as observations during early growth were concerned, 
the mixed salt seemed to be as available and as satisfactory a source 
of nitrogen as sodium nitrate, but the yields failed to equal expecta- 
tions. 

Urea was one of the best materials used and seemed to be as readily 
available as sodium nitrate and equally as good in all respects as 
any other material used. Since urea is an excellent material physi- 
cally and leaves neither a basic nor acid residue in the soil, it should 
prove to be an almost ideal nitrogen carrier for all types of soils 
except possibly the relatively few which have a feeble nitrifying 
power. Even under such conditions many plants would not be 
affected, for a few crops are thought to absorb urea directly and many 
utilize ammonia, which is rapidly produced from it in the soil. 
Except under conditions which are decidedly abnormal, urea nitrifies 
very rapidly, and unlike ammonium sulphate it does not contain an 
acid radical which is in itself detrimental to nitrate production. 

In connection with the possibility that ammonium chloride may 
sometime become an important by-product of combined Solvay proc- 
ess and Haber plants, the behavior of this material as a fertilizer is 
of considerable interest. The results already obtained are by no 
means conclusive. At low concentrations the chloride ion sometimes 
seemed to show a stimulating effect to plant growth, and at high 
concentrations a slightly toxic effect. On the whole, however, the 
material does not seem to have properties very different from other 
good nitrogen fertilizers. 

Double salt, made from ammonium nitrate and ammonium sul- 
phate, showed results comparable with ammonium sulphate. It pro- 
duced good responses to early growth of both corn and cotton, and 
the yields were so near those obtained with ammonium sulphate as 
to be within experimental error. The objection to this salt as a 
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fertilizer material is that it is rather hygroscopic ; in fact, the par- 
ticular sample used in these experiments was almost as deliquescent 
as ammonium nitrate. Samples of this salt have since been prepared 
which were less hygroscopic, but even under the best conditions of 
manufacture the material is not entirely satisfactory in this respect. 

Ammoniated superphosphate and ammonium phosphate are com- 
parable with the equivalent mixtures of ammonium sulphate and 
acid phosphate. At one plot ammoniated superphosphate was some- 
what slower to show results, but the later growth and yields were as 
good as with the other materials. 

The direct comparisons between acid phosphate and calcined phos- 
phate showed only slight differences in yields between the two ma- 
terials. The rate of growth indicated that the former is slightly 
more readily available than the latter. 

It will be seen from the above that cyanamide is a unique fertilizer 
material and frequently behaves in an entirely different manner from 
any other form of nitrogen used. When the conditions are just right 
it seems to be as valuable a source of plant food as any of the other 
forms of nitrogen, while under less favorable conditions it may be 
valueless or even injurious when used in large applications on crops 
that can not use ammonia as the main source of nitrogen. This 
emphasizes the importance attached to the transformations that must 
take place in the soil in order to make the material available for 
plant use. Almost immediately upon coming in contact with rboist 
soil it apparently changes into calcium acid cyanamide, then free 
cyanamide, urea, and eventually into ammonia. A varying quantity 
of dicyanodiamide is produced as a side reaction. Of these trans- 
formation products, free cyanamide and dicyanodiamide are known 
to be toxic to certain soil bacteria, especially the nitrifiers, if present 
in quantities which may very well accumulate following fairly large 
applications of cyanamide. Nitrification can not, therefore, take 
place until these injurious compounds . are so dissipated or changed 
as to no longer be present in sufficient concentrations to be injurious. 
Until this does occur the ammonia accumulates and the normal oxida- 
tion to nitrates is inhibited and the plant is forced to absorb ammonia 
or undergo nitrogen starvation. 

The explanation of why the retarding period, following the use of 
cyanamide, lasts for a few days in one case and throughout the sum- 
mer in another probably depends upon the particular compound pri- 
marily responsible for the retardation. If it is merely ammonia or 
free cyanamide, these materials will be quickly changed or dispersed 
and nitrate production may proceed normally. If it is dicyanodia- 
mide, the effect may be expected to continue for a considerable period, 
since this compound is not only relatively insoluble but, more im- 
portant still, it is not readily attacked to any extent by either bacteria 
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or fungi. If the crop grown requires nitrate nitrogen, the growth 
will probably roughly parallel the amount of nitrate nitrogen pres- 
ent. If ammonia may be used, as in the case of corn, the growth 
may be more or less independent of the nitrification, provided the 
dicyanodiamide formation is not too great. This compound is prob- 
ably not especially toxic, however, but merely not available for 
plants. A practical method of using cyanamide would seem to be to 
supply a nitrate form of nitrogen along with it, as has been done by 
others with excellent results. Even in this case it is important to 
make conditions such that as little as possible of the cyanamide nitro- 
gen be converted into dicyanodiamide, since our present knowledge 
indicates that the latter material is not used as a plant food. 

The importance of the rate and method of application of nitrog- 
enous fertilizers has also been brought out by the experiments with 
corn. In many cases application of 10, and in some cases 20, pounds 
of ammonia per acre merely increased the growth of stalks without a 
corresponding increase in grain. To avoid this condition it has been 
suggested that the fertilizer be broadcasted or, at least, applied other- 
wise than in the row. The use of larger applications than 10 or 20 
pounds of ammonia will also give satisfactory yields even if applied 
in the drill. If the smaller rates are used, the production of rela- 
tively large amounts of stover may be avoided by planting the com 
thinner. Besults obtained with standard fertilizers like sodium 
nitrate were identical in this respect with those obtained with the 
newer sources of nitrogen. 

The results of the work up to date show, then, that aipmonium 
nitrate, urea, double salt, ammoniated superphosphate, and ammo- 
nium phosphate are all readily available sources of nitrogen and 
practically equal in value to nitrogen in the form of sodium nitrate 
and ammonium sulphate. Mixed salt is probably as good, but the 
limited experimental work with this material still leaves a question 
as to its value. Ammonium chloride may exert a slight stimulating 
effect at the lower rates of application, and a slight toxic effect at 
higher rates of application, but on the whole seems to be about the 
same as ammonium sulphate except for special crops such as potatoes 
and tobacco. Cyanamide is not as satisfactory a nitrogen carrier as 
the common materials now in use, but where dicyanodiamide is not 
formed in sufficient quantities to inhibit nitrification the results are 
quite satisfactory. It should, however, be used in mixture with a 
nitrate form of nitrogen when applied to crops that are unable to 
grow well on ammonia nitrogen alone. 

€, Bacteriological exponments, — One of the decomposition prod- 
ucts of cyanamide in the soil is dicyanodiamide. This material is 
known to affect the growth of plants adversely, as already stated in 
connection with the pot tests described above. The exact mechanism 
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of the toxic effect is still, however, a matter for further inyestiga- 
tion, since it is possible that the adverse effect is due more to the 
destruction of useful bacteria in the soil than to a direct toxic effect 
on the plant itself. 

As a matter of fact, experiments in the laboratory have shown, in 
confirmation of the work of others, that smaU concentrations of 
dicyanodiamide kill or inhibit the action of nitrifying bacteria. 
Using a garden soil rich in nitrifyii^ bacteria it was found that 
one-tenth mg. of dicyanodiamide per 100 grams of dry soil slightly 
decreases the rate of nitrification of ammonium sulphate added to 
the soil, one-half mg, of dicyanodiamide decreases the rate very 
appreciably, and 2 mg. of dicyanodiamide completely prevents nitri- 
fication for more than 16 weeks. 

The investigation is not completed, but these preliminary results 
are of interest. The conclusion can certainly be drawn that the 
agricultural undesirability of dicyanodiamide is partly due to its 
inhibiting effect on nitrification. Further work will be necessary to 
determine with precision the extent, if any, of a direct toxic action of 
dicyanodiamide on plant life. 

The explanation of the fertilizer behavior of cyanamide given in 
the previous section was based on the assumption that the indirect 
toxic action of dicyanodiamide is what determines the very unique 
behavior of cyanamide as a fertilizer. 

7. Miscellaneous Investigations. 

One of the important by-products of a technical research labora- 
tory lies in the solution of various miscellaneous side problems which 
may arise in the course of other investigations or which may par- 
ticularly appeal to members of the staff of the laboratory as of 
sufficient general scientific value to warrant investigation without 
reference to their industrial application. The field of research into 
the unknown is full of adventurous possibilities, and the results 
of this incidental work may sometimes be of even greater social 
value than results obtained in the direct pursuance of the technical 
problems to which the main work of the laboratory is devoted. 

a. Preparation and molectdar weight of pure ozone. — ^In connec- 
tion with the arc process the laboratory has studied the formation 
of ozone in the corona discharge as a typical gaseous reaction taking 
place in the path of an electric discharge. This work is described 
in a previous section, and has led quite naturally to the consideration 
of the chemistry of ozone in general. 

One of the most interesting problems in connection with the 
chemistry of this material is its molecular weight. Measurements 
of the molecular weight of dilute ozone have always led to the 
molecular formula Oj. Results have been reported with concentrated 
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ozone, however, which were taken as indicating the presence of O4, or 
higher polymers. This problem has been attacked by the laboratory 
and the conclusion reached that the higher values reported can all 
of them be explained by the inaccuracy in the methods of analysis 
employed. The general method of analyzing for ozone consists in 
passing the gas containing it into potassium iodide solution where 
iodine is assumed to be liberated in accordance with the reaction 

Os+2KI+H,0=0,+2KOH+I,. 

The iodine is then titrated with thiosulphate. 

The work of the laboratory in confirmation of the work of others 
has shown that, although this method of analysis gives correct 
results with low concentrations of ozone, with high concentrations 
of ozone it leads to results which are too high. This is explained 
by the fact that high local concentrations of alkali are produced 
with concentrated ozone, and in alkaline solution the reaction takes 
place so as to liberate more iodine than shown. The laboratory has 
come to the conclusion that all reports of molecular weight deter- 
minations giving higher values than O3 can be explained by such an 
incorrectness in method of analysis. 

In order to get a direct determination of the molecular weight of 
concentrated ozone, the laboratory has actually prepared 100 per 
cent pure ozone by successive fractional distillations, using liquid 
air as a refrigerant, and then determined the volume, pressure, tem- 
perature, and weight of this material in the gaseous form. The 
results have led to the formula Og for this material. The technique 
developed for this work has been complicated and full of interest, 
because of the appreciable rate of decomposition of ozone, and be- 
cause of its very explosive nature, which has led to the abrupt ter- 
mination of many of the experiments. It is hoped that a descrip- 
tion of the work will be published in the near future. 

This work has very definitely established the fact that concentrated 
ozone of formula O3 can be prepared and the fact that previous 
claims of the existence of O4 are not proved. 

6. Pressure indicator for corrosive gases. — In order to measure 
the pressure of corrosive gases, such as nitrogen pentoxide and 
ozone, which can not be allowed to come in contact with m^als or 
organic substances, or, in fact, almost any common materials except 
glass and quartz, the laboratory has developed an ingenious device. 
This consists of a glass tube closed by an extremely thin glass 
diaphragm. Arrangements are made so that the gas whose pres- 
sure is to be measured presses against one side of this diaphragm 
and air under adjustable pressure presses against the other side. A 
platinum spring is arranged so as to press against this diaphragm 
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and moves up and down with it, and this platinum spring makes 
and breaks the connection in an electric circuit provided with an 
indicating instrument and a very small electromotive force. In this 
way it is possible to adjust the pressure of the air so as to counter- 
balance the pressure of the corrosive gas and then measure the air 
pressure with an ordinary manometer. It has been found possible 
in this way to measure pressures to a fraction of a millimeter of 
mercury. 

A description of an earlier form of this apparatus which used a 
platinized diaphragm will be found in the Journal of the American 
Chemical Society 42: 1131 (1920). It is hoped that a more detailed 
description of the construction and behavior of the final form of 
apparatus will be published in the near future. 

c. Heat of adsorption of vapors on charcoal, — An article on the 
heat of adsorption of vapors on charcoal suitable for gas masks has 
been published as a combined contribution from the laboratory and 
the Chemical Warfare Service (Jour. Amer. Chem. Soc. 42: 1146 
(1920). Since the conclusions obtained have a bearing on the absorp- 
tion of vapors by a catalytic material such as is used in the synthesis 
of ammonia, a summary of the conclusions obtained is presented 
below. 

1. Measurements of the heat of adsorption of the vapors of some 
11 organic liquids upon charcoal at 0*^ have been made over a con- 
siderable range. The resulting values have been shown to be repro- 
ducible and independent of the rate of adsorption of the vapor and 
of the previous history of the charcoal. 

2. The heat of adsorption of all of these vapors can be represented 
very precisely as functions of the amount adsorbed by the expres- 
sion h=mx", where h represents the heat of adsorption per normal 
c. c. of vapor, x the number of c. c. of vapor adsorbed, and m and n 
constants characteristic of each vapor. 

3.' The constant n in the above equation has been found to be nearly 
unity. The heat of adsorption, therefore, decreases but slightly with 
increasing amount of adsorption. In other words, there is but slight 
evidence of " fatigue " in the adsorptive forces. 

4. It has been shown that this decrease (represented by 1— n) is 
antibat to the boiling points of the liquids ; that is, the liquids with 
relatively high boiling points exhibit a small value of 1— n and hence 
a slight fatigue. This is due to the fact that such liquids have high 
latent heats of vaporization. 

5. m also varies relatively little from vapor to vapor. In general 
m and n tend to vary in opposite directions. Jn agreement with this 
the actual molal heats of adsorption of the various liquids measured 
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are not very different, varying between 12.0 cals. for ethyl chloride 
and 15.6 cals. for carbon tetrachloride. 

6. The heats of adsorption of these vapors are very nearly the 
same on inactive as on active charcoal of the same kind. 

7. Vapors containing halogens appear to react with the charcoal 
when warmed, so as to decrease the heat evolved by any subsequent 
adsorption of gas, without, however, affecting greatly the fatigue 
effect. 

8. The net heats of adsorption; that is, the heats evolved above 
those corresponding to the latent heats of vaporization, are approxi- 
mately of the same magnitude as the latent heats of vaporization. 

9. The net heats of adsorption of c. c. of liquid are very nearly 
identical for all the liquids studied. 

10. The net heats of adsorption are closely proportional to the 
heats of compression under high pressure. This indicates that the 
liquids are all attracted by the charcoal with substantially the same 
force, and that the net heat of adsorption is merely a heat of compres- 
sion. The absolute value of this attractive force appears to be about 
37,000 atmospheres where 1 c. c. of liquid is adsorbed on 10 g. of 
charcoal. 

11. The molar adsorbability — that is, the number of c. c. of gas 
adsorbed at a fixed gaseous pressure (20 mm.) — is inversely propor- 
tional to the molecular volume of the liquid. 

12. The molar adsorbability is inversely proportional to the net 
molar heat of adsorption. This, at first sight, surprising behavior 
is shown to follow necessarily from the previously mentioned regu- 
larities. 

13. It is shown that all the above evidence indicates that the 
liquid films we have studied are all at least one and usually very 
many molecules thick, and this is (3onfirmed by a consideration of 
the actual volume occupied by the liquid and the approximately 
known capillary volume and surface of the charcoal. 

d. Theoretical studies, — Several theoretical studies in the field of 
mathematical physics have been published as contributions from the 
laboratory. These are: "Relativity Theories in Physics" (Gen. 
Elec. Rev. 23: 426 (1920) ; "The Entropy of Gases" (Jour. Amer. 
Chem. Soc. 42: 1185 (1920); "Statistical Mechanics Applied to 
Chemical Kinetics" (ibid. 42: 2506 (1920); "Note on the Theory 
of Monomolecular Reactions" (ibid. 43: 269 (1921); and "The 
Principle of Similitude and the Entropy of Polyatomic Gases" 
(ibid. 43: 866 (1921.) 

In the near future it is expected that an article on " The Entropy 
of Electron Gas" and*" Note on the Thermal Ionization of Metallic 
V^apors" will also be published. 
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e. (Jorroaion studied, — ^In coimection with the design of apparatus 
for installation at Muscle Shoals to convert that plant into one suit* 
able for fertilizer manufacture, a number of corrosion experiments 
have been made. Thd results obtained may be briefly summarized 
as fallows: 

{a) In sulphuric acid solutions 60° B. at 96*=* C. duriron is not cor* 
roded and Monel metal is very rapidly corroded. 

{h) In a saturated solution of ammonium sulphate at 95° C. with 
an addition of 10 per cent of 60° B. acid, duriron soon forms a 
protective coating and Monel metal is fairly rapidly corroded. The 
solution in question is similar to what would be found in ammonium 
sulphate saturators. 

(c) In strong ammonia solution at 96° C. both rfwrmm and Monel 
metal are practically unattacked. 

{d) In a saturated solution of ammonium sulphate at 96° C. or a 
saturated solution of animonium sulphate to which ammonia has 
been added, Monel metal is practically unattacked, while duriron is 
rapidly attacked. This surprising fact agrees with the known use 
of ammonium sulphate for etching duriron. 

{e) In concentrated phosphoric acid at ordinary temperatures 
steel and alu/minum are rapidly corroded, lead and Monel metal 
slowly enough corroded so that they might be used as cbhtainers 
for this material, and duriron is uncorroded. Monel Ittetal i's'fec^me^' 
what more slowly corroded in concentrated phosphoric acid than 
lead. The rate of corrosion for Monel metal increases when the 
acid is diluted. 

(/) At the temperature and concentrations which would be ob- 
tained in a saturator for making ammonium phosphate from con- 
centrated phosphoric acid duriron^ Monel metal, and lead are all 
somewhat corroded, but apparently not rapidly enough to prevent 
their use in such a connection. 

C. POSSIBILITIES FOR FUTURE RESEARCH. 

In the preceding section we have discussed the accomplishments 
in the field of research which the Fixed Nitrogen Research Labora- 
tory has already completed or initiated. There are, however, almost 
limitless possibilities in the fields of nitrogen fixation and of the 
utilization of nitrogen compounds, and no future bounds to the 
extent and value of nitrogen research can be set. Improvements in 
existing methods of nitrogen fixation, investigations of proposed 
methods which have not yet come to commercial development, and 
perhaps, above all, further experimentation with different nitrogep- 
containing substances in order to make them more useful in agri- 

100676'*— 22 11 
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culture and the arts should certainly continue for many years and 
probably for all time. 

At the present moment, perhaps the greatest necessity for fixed 
nitrogen research lies in the investigati<m of methods for further 
decreasing the cost of fixation. The possibilities of doing this are 
very attractive, since the existing methods of fixation are relatively 
new, and there are a number of proposed methods which have not 
yet been given a thorough investigation. 

A further important line of research is connected with the trans- 
formation of nitrogen-containing substances from one form to an- 
other. In particular, an important ideal to maintain in such re- 
search is that of ultimately putting atmospheric nitrogen directly 
into a form which can be assimilated by the animal body. In other 
words, we must look forward to the time when we can put atmos- 
pheric nitrogen in such a form that it can go at once into mixed 
feed for hogs and cattle. When we learn to do this at a reasonable 
cost, we could perhaps eliminate to a certain degree, at least, the ex- 
pensive process of first putting the nitrogen into the soil and then 
taking it out again in the form of corn or other food material for 
live stock. 

In the following paragraphs we can only briefly hint at some of 
the future possibilities in the field of nitrogen research. 

1. The Haber Process. 

The Haber process is the newest of all the methods of nitrogen 
fixation which are in actual commercial operation, and hence pre- 
sents the greatest possibilities for future research and for the low- 
ering of costs. 

An analysis of the Haber process, as carried out in the Haber- 
Bosch form where the hydrogen is produced from water gas, shows 
that roughly 20 per cent of the total cost of manufacturing ammonia 
goes into the manufacture of the hydrogen used, and a further 50 
per cent goes into the purification of this hydrogen, in order to make 
it suitable for passage through the catalyst. Since, then, 70 per 
cent of the total cost of the process goes into the manufacture and 
purification of hydrogen, it is obvious that this is the most vulner- 
able point of attack. 

a. Cost of water-gas hydrogen, — Drastic lowerings of the cost of 
the manufacture of impure hydrogen by the water-gas process are 
not to be expected, because the method follows quite closely the well- 
known technique of water-gas manufacture. Improvements in the 
Bosch method of preparing hydrogen muijt come in the purification 
processes, and this is undoubtedly a field where further research 
will be profitable. Work to obtain the best catalyst for converting 
53team and carbon monoxide into hydrogen and carbon dioxide may 
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well be continued, and the methods for remoying small amonnts of 
carbon monoxide, which remain after the conver»on with steam, 
also famish important possibilities for improvement. The labora- 
tory is working in both of these fields, and it appears that such 
work can profitably contume for a number of years. As to the 
removal of carbon dioxide from the crude gases, it is felt that no 
great changes from the method of water scrubbing followed by 
alkaline scrubbing can profitably be introduced. 

h. The use of electrolytic hydrogen, — ^The possibilities of the use 
of hydrogen produced by electrolysis arfe worthy of consideration. 
These are of particular importance owing to the simplicity of this 
method of manufacture and the purity of the product obtained. 

In connection with electrolytic hydrogen, we must distinguish 
between two lines of attack, one being the electrolytic production of 
hydrogen on a large scale, where cheap water power is available, and 
the other being the utilization of the relatively small quantities 
of by-product electrolytic hydrogen whidi iu:e allowed to go to 
waste in connection with the electrolytic manufacture of oxygen, 
caustic alkali, and bleaching materials. 

For the production of electrolytic hydrogen primarily for the syn- 
thesis of ammonia only very cheap power and very large installations 
with large individual oxygen-hydrogen cells can be considered. For 
an installation to produce 11,000 tons of ammonia per annum the 
Nitrate Division has calculated that with power at 5 mills per kilo- 
watt hour the costs of production (including . overhead charges) 
would be about equal for electrolytic and water-gas hydrogen to be 
used in the manufacture of ammonia. With power at a higher 
figure the water-gas process would be more economical, and with 
power at a lower figure the electrolytic hydrogen would be prefer- 
able. This result is of great interest, since it shows that the possi- 
bility of such installations is limited to regions of cheap water power, 
and preferably to regions so located that the water power can not be 
sold at a higher figure for other industrial undertakings. It would 
aeem that the Scandinavian power developments would be possible 
for such a utilization, as well as the proposed Muscle Shoals devel- 
pment and future power developments which may be made in 
merica at a considerable distance from centers of industry which 
an absorb the power at higher figures. It should be pointed out 
at daily off-peak power could be used provided extra gas-holder 
pacity were installed, and that secondary power, available for a 
rge fraction of the year, could also be used in the Haber process by 
utting down during the dry months. 

In connection with the figure just given for the comparative merits 
the two methods of producing hydrogen, a number of important 
cts must be considered. The calculations in question were made 
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on the basis of 10,000 ampere eells for the elecfcrol^rtie production of 
hydrogen and oxygen. These cells are very mueh larger than any 
now on the market, and their size would decrease in the ratio of 
something like 1 : 3 the cost of installation, and hence the overhead 
charges. An experimental cell of this capacity, constructed by the 
Electrqlabs Co., was tested by the Nitrate Diyision in cooperation 
with the Fixed Nitrogen Research Laboratory. Its performance was 
entirely satisfactory, and it is felt that the development presents 
great possibilities for the future. 

A further consideration which must be kept in mind in considering 
the possibility of electrolytic hydrogen is the fact that no allow- 
ance was made in the calculations mentioned above for the value of 
the by-product oxygen that would be obtained. For a synthetic am- 
jnonia plant of any size this amount of by-product oxygen would be 
so great that its utilization could not be fitted into the present mar- 
ket for oxygen. In this connection, it would be desirable to inves- 
tigate the possibility of utilizing larger quantities of low-cost oxy- 
gen, presumably in connection with metallurgical processes. This 
field of research is one which has already been a matter of great 
interest to the Bureau of Mines of the Department of the Interior. 

The possibilities of producing hydrogen and caustic alkali simul- 
taneously on a large scale by electrolysis are also deserving of 
investigation. 

c. The use of hy-prod/uct hydrogen, — ^As to the existing sources 
of waste hydrogen, a consideration of the possibility of their utiliza- 
tion for ammonia manufacture is very important. Such waste hy- 
drogen now occurs in connection with the electrolytic manufacture 
of bleaching materials, caustic alkali, and oxygen. The individual 
amounts to be considered vary over a range of 20,000 to 100,000 
cubic feet per day at the different plants, but the totdl amount going 
to waste in America is large enough to be a factor of importance. 

For the utilization of these relatively small- quantities of waste 
hydrogen, methods of operation quite different from those in large 
water-gas installations must be considered, since the economies which 
can be introduced by large-scale installations are in this case not 

possible. 

For small units, such as would have to be used in connection with 
these small quantities of waste hydrogen, simplicity of operation 
would be of prime importance. This can perhaps best be achieved 
by working along lines partially developed in France by M. Claude. 

In the Claude variation of the Haber process, very high pressures, 
in the neighborhood of 1,000 atmospheres, are used. With such high 
pressures the percentage conversion to ammonia is greatly increased, 
and the size of the apparatus to produce a given total yield is greatly 
decreased, partly because of this increased percentage Conversion, 
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but largely because of the increased amount of gas which it is pos> 
sible to put through an apparatus of given volume at high pressure.- 
This in itself is a oonisiderable simplification of the apparatus. It 
should be noted, moreover, that the engineering difficulties in con- 
structing an apparatus to stand the very high pressures are much 
reduced by the small size of the equipment. 

A further simplification can be introduced, because the high per- 
centage of ammonia obtained makes it feasible to eliminate circula- 
tion through the catalyst system. Instead of this the high-pressure 
gas is passed directly through a catalyst chamber with the produc- 
tion of a large percentage of ammonia, which is then removed as 
liquid ammonia, the remaining gas is then passed through a second 
catalyst chamber of smaller capacity, and the ammonia synthesized 
again removed. After the passage of the gas through two or three 
such successive steps, it is considered economical to reject the un- 
synthesized gas which will contain all the impurities, such as argon, 
which have been introduced with the nitrogen. 

The high percentage of ammonia obtained and the high pressure 
introduce a further simplification of the methods of ammonia re- 
moval, since a large fraction of the ammonia can be liquefied under 
these conditions at temperatures which can be obtained with ordi- 
nary cooling water. 

Another point of importance in connection with the use of waste 
hydrogen is that, since the hydrogen would otherwise be thrown 
away, it is allowable, at least as a temporary expedient, to produce 
the mixture of nitrogen and hydrogen simply by the burning of 
enough hydrogen with air to give the desired mixture of 3 parts of 
hydrogen to 1 of nitrogen. This can be carried out with relatively 
simple burners, and the bulk of the water formed removed by con- 
densation, followed by chemical treatment for the remainder. 

It will thus be seen that in the case of waste hydrogen utilized at 
high pressures the apparatus becomes very simple, consisting, first, 
of a burner to produce the mixture of hydrogen and nitrogen, fol- 
lowed by a water-removal ^stem, a compressor to 1,000 atmospheres, 
and a series of two or three catalyst containers each followed by a 
water-cooled condensing coil for removing liquid ammonia. 

One of the main difBculties of the process proposed by Claude is 
the construction of the compressor for delivering gas at 1,000 atmos- 
pheres. The chief trouble seems to arise at the high-pressure stuffing 
box, which has to be frequently repacked. Experiments have been 
planned at the laboratory for overcoming the difficulties in the com- 
pression of gases to very high pressures. 

d. Production of hydrogen from methane, — ^Another possibility for 
the production of cheap hydrogen would be the utilization of the 
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methane in natural gas. This has been proposed by a number of 
persons, and some patents have been already taken in ihia field. 

At high temperatures methane dissociates into carbon and hydro- 
gen in accordance with the reaction 

CH,=C+2H,-21,700 cal. 

Since this dissociation is endothermic, it increases with rising tem- 
perature, and at 1,000° C. and 1 atmosphere pressure the dissocia- 
tion is already in the neighborhood of 99 per cent complete. If it 
were possible to obtain at the same time hydrogen and a deposition 
of carbon in a form suitable to replace the lampblack now produced 
for use in rubber manufacture by the wasteful burning of natural gas, 
the advance would be a very important one both for industry and for 
the conservation of nat;iiral resources. 

e. Am/monia catalyst. — Of course, the heart of the Haber process 
will always be the catalyst for the synthesis of ammonia from nitrogen 
and hydrogen. Further research along this line can profitably con- 
tinue for many years. In particular, the possibility always presents 
itself of producing a catalyst which will operate at a low enough 
temperature to give almost complete union of nitrogen and hydrogen 
to form ammonia. The main obstacle in the way of obtaining such 
low-temperature catalysts seems to be the probability that they will 
be easily poisoned, since it is a general experience with all contact 
catalysts that poisoning effects become more serious as the tempera- 
ture is lowered. Nevertheless, the possibility of a catalyst which 
would work in the neighborhood of room temperature and at low 
pressures to produce large yields of ammonia must always be kept 
in mind. 

Another important phase of catalyst research lies in a determi- 
nation of the actual mechanism of the catalytic action. This is an 
extremely baffling problem, apparently more so for ammonia catalysis 
than for many other contact processes. On the ultimate solution of 
this highly scientific problem, however, we must depend for a secure 
mastery of the technical synthesis of ammonia. 

2. The Cyanamide Process. 

The cyanamide process is an older development than the Haber 
process and one in which there is less possibility of variation in the 
method of carrying out the different steps. For this reason there 
seeniLS to be less possibility of reduction in costs than in the case 
of the Haber process. 

fl. The cost of carbide. — ^The main source of expense in fixing 
nitrogen by the cyanamide method is the cost of the carbide. With 
power at 4 mills per kilowatt hour, the cost of power for the carbide 
manufacture is one-third the total cost of manufacturing cyanamide, 
while the cost of limestone, coke, coal, and electrodes is approxi- 
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mately a quarter of the total figure. It is evident that the most 
important point of attack for the application of research to the 
cyanamide process is to see if the carbide can be more efficiently 
utilized or more cheaply manufactured. 

As to the efficiency with which the carbide is utilized, it is now 
possible with good practice in the nitrifying ovens to utilize 85 per 
cent of the total carbide present. This presents the possibility of some 
improvement, but still not a drastic one. Nevertheless, further re- 
search into the methods of nitrifying will be a desirable line of work 
in the future. 

As to the cost of carbide manufacture, it is evident, since the cost 
of the raw materials is pretty well fixed, that the main improvement 
would have to come through a decrease in power consumption. 

Our present therniodynamic knowledge concerning the reaction 

CaO+3C=CaC2+CO-105,000 cal. 

is so limited as to make an exact determination of the possibilities of 
power saving impossible. The heat absorbed by the reaction at room 
temperature, as indicated above, is believed to be in the neighborhood 
of 105,000 calories per mol of carbide formed, but this figure is by no 
means certain. Furthermore, although some attempts have been made 
to measure the equilibrium pressure for the above reaction, the re- 
sults were not very concordant and were obtained at temperatures 
considerably below the fusion point of carbide, and, hence, consider- 
ably below the temperature of actual furnace operation. Hence, 
almost nothing is known as to the value of the important thermo- 
dynamic quantity, namely, the free energy of the reaction. 

This lack of knowledge prevents any exact estimate of the econ- 
omies in carbide manufacture which might theoretically be achieved. 
Further research into the mechanism and thermodynamics of the 
carbide reaction should certainly be carried out. The work should in- 
clude a study of the possible formation of a subcarbide as well as a 
determination of the heat and free energy of the reaction. 

Although, as just pointed out, lack of data makes it impossible to 
make an exact estimate of the efficiency of carbide manufacture, 
nevertheless a rough comparison of the actual and theoretical thermal 
inputs is possible. The heat of reaction at 25° C. can be taken as 
105,000 calories. Taking the most probable values for the specific 
heats of the substances involved, the heat of reaction at the assumed 
reaction temperature of 2,000° C. comes out 105,400 calories. To 
this figure we must add 64,200 calories as the heat necessary to raise 
the temperature of the carbon and lime from 25° C. to the reaction 
temperature 2,000° C. and obtain as the total heat input necessary 
for carrying out reaction 169,600 calories. At the Muscle Shoals 
plant in the test run on the carbide furnaces the actual electrical 
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input per mol of carbide formed was found to be 220,000 calories. 
This would indicate that the efficiency of the electric furnaces was 
as high as is usual in electric^fumace practice. As already pointed 
out, however, more exact knowledge both of the heat of reaction and 
of the free energy of the reaction will be necessary before this con- 
clusion can be deflnitely accepted. 

A further consideration that must be kept in mind in connection 
with the possibility of improving the method of carbide manufacture 
is the fact that the carbon monoxide which now escapes from the 
open furnaces is not utilized. Assuming that this carbide escapes at 
a temperature of 1,000°, it would be possible to save about 8,000 
calories by utilizing the sensible heat of this gas. It would further 
be possible to obtain 68,400 calories per mol by burning the carbon 
monoxide to carbon dioxide. It will thus be seen that the total heat 
wasted by lack of utilization of the carbon monoxide is in the neigh- 
borhood of one- third of the electric energy put into the furnace. 

As to the methods of utilizing the sensible heat and the heat of 
combustion of the carbon monoxide, the first thought would be to use 
some form of shaft furnace in which the incoming charge would be 
heated by the escaping gas, air being led in at intervals to burn the 
carbon monoxide. Although experiments have been tried along these 
lines, the results are not known. It is evident, in the first place, that 
such shaft furnaces would be much more complicated than the pres- 
ent simple open furnaces, and, in the second place, it must be pointed 
out that experimentation along these lines is a very expensive matter, 
since it has but little value unless carried out on a very large scale. 

Attention may also be called to the possibility of utilizing the car- 
bon monoxide as a fuel either for steam generation or for burning 
limestone or other uses about the plant. This would, of course, ne- 
cessitate some form of closed furnace which would prevent the carbon 
monoxide from coming in contact with the air. This would greatly in- 
crease the difficulty of furnace operation. It should be pointed out 
that the heat of combustion of the carbon monoxide produced in the 
carbide furnaces is about five times as much as would be needed for 
burning the lime used. 

The above remarks indicate that there are some possibilities of 
cheapening the cost of carbide manufacture. 

&. Use of other carbides and cyaTiamides, — Another method of try- 
ing to modify the cyanamide process would be to consider the possi- 
bilities of other materials analogous to calcium cyanamide. In this 
connection the suggestions of Dr. S. Peacock (U. S. patent 1,134,412, 
April, 1916) for using magnesium cyanamide are of interest. The 
advantage that Doctor Peacock claims for such a possibility is the 
considerably reduced temperature at which the process could be car- 
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ried out. On the other hand, it must be noted that owing to the high 
cost of the magnesium it would have to be utilized over and over 
again. 

In connection with the possibility of utilizing other materials than 
calcium, it is hoped that the work at the laboratory on various re* 
actions to form cyanides and cyanamides of calcium, sodium, mag- 
nesium, and other elements may ultimately suggest important pos* 
sibilities. 

€. Disposal of autoclave nhidge. — Another important thing for in* 
yestigation in connection with the cyanamide process is the matter 
of utilizing the autoclave sludge. The enormous amounts of this 
material that are formed is a serious problem. Some possibilities for 
its utilization have already been suggested, but it may be that further 
thought along this line will open up new fields for research. 

3. The Afc Process. 

The arc process is the oldest and in many ways the simplest method 
of nitrogen fixation. Its main handicap is the large amount of 
power necessary for fixing a ton of nitrogen, the power required by 
this method being some 67,000 kilowatt hours per ton of nitrogen, 
as compared with about 15,000 kilowatt hours per ton of nitrogen 
fixed by the cyanamide process, 4,500 kilowatt hours per ton of 
nitrogen fixed by the Haber-Bosch process, and 18,000 kilowatt hours 
per ton of nitrogen fixed by the Haber electrolytic process. It is 
evident that a reduction in power consumption would be the most 
important improvement that could be made in the arc process. 

a. Power consumed in the arc process. — The essential reaction in 
the arc process is 

jN2+iO2=NO-21,600 cal. 

where the heat of reaction at 25° C. is in the neighborhood of 21,600 
calories. The actual energy input used in producing 1 mol of nitric 
oxide in existing arc installations is in the neighborhood of 865,000 
calories. This great discrepancy between these two figures has often 
led to the belief that the arc process was actually operating very 
inefficiently and that there were enormous possibilities for improve- 
ment which might be achieved by some more fortunate design for 
the furnace. Further consideration, however, shows that such a 
helief neglects important aspects of the problem. 

The arc process in any of its present forms must be regarded essen- 
tially as a thermal process. The function of the electric discharge 
is primarily to produce a temperature high enough so that the 
equilibrium corresponding to the equation written above will be 
shifted to an appreciable extent in the direction of forming nitric 
oxide. Even if the discharge should have the effect of furnishing 
some special electrical conditions which favor the formation of nitric 
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oxide, nevertheless the percentage of nitric oxide which esc^apes from 
the high temperature zone will undoubtedly be determined by the 
temperature gradient where the hot gases are mixed with colder 
gases to " freeze " the yield. Undeip the circumstances we can obtain 
the clearest picture of existing arc processes if we think of them as 
methods by which air is raised to a high enough temperature so that 
an appreciable quantity of nitric oxide can be formed, followed by 
a quick cooling of the reaction mixture, in order to prevent the 
redissociation of the nitric oxide. 

Under these circumstances, to calculate the thermal efficiency of 
existing arc processes, we must compare the actual energy input 
not with the heat of reaction at room temperature but with the 
amount of heat necessary to raise the air to the reaction temperature 
plus the heat necessary to make the reaction occur. It will be found 
that much the largest quantity of heat is used in heating the air to 
the reaction temperature and that the amount absorbed in the actual 
reaction is only a small fraction of the total. Computations made 
on this basis show that the thermal efficiency of existing arc proc- 
esses is much higher than would at first be supposed, perhaps in 
the neighborhood of 50 per cent. Calculations indicating this fact 
will be found in the description of the arc process in Chapter IV. 
It may be safely concluded that -radical increases in thermal effi- 
ciency will not be possible with the existing type of arc process. 

Such minor improvements as the use of air enriched with oxygen 
in order to secure a more favorable equilibrium in the arc, the 
elimination of moisture, which has a deleterious effect on the yield, 
and improvements in electrical or mechanical design of the furnaces 
are worthy of consideration, but revolutionary improvements from 
work carried out along such lines can not be expected. 

In connection with the calculations of thermal efficiency mentioned 
above, attention must be called to the fact that the computed values 
are only approximate. This is due to our lack of knowledge as to 
the actual temperatures in different zones of the arc, as to the frac- 
tion of the air actually heated to the different temperatures, and 
as to the rate of diffusion of the nitric oxide from the reaction zone 
to regions of low enough temperature to prevent redissociation. Fur- 
ther research into the actual properties of ah arc discharge would 
be extremely informing and should be carried out. 

i. Investigation of other types of discharge. — Although the ex- 
isting arc processes must be considered substantially as thermal in 
nature, this does not mean that the investigation of the electrical 
effects of discharges should be neglected, and this has been the main 
field toward which the Fixed Nitrogen Kesearch Laboratory has de- 
sired to turn its attention. 
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By working with low-temperature arcs or by investijg^ating other 
types of dectrical discharge, such as that in the corcma, it may be 
possible to find conditions under which the electrical input can be 
made more nearly equal to the actual heat of reaction, 21,600 cal- 
ories. It must be definitely pointed out, however, that such investi- 
gations, if successful, would lead to processes of an entirely different 
kind from those that will be obtained by any modifications in the 
mechanical or electrical features of existing arc furnaces. In this 
connection the high yields obtained by Haber and Konig (Zeit. f. 
Electroch. 1907, 13: 725; 1908, 14: 689) with low-temperature arcs 
must be regarded with interest. The yields were conaderably 
higher than corresponds to the thermal equilibrium at the tempera- 
tures used. The whole question of the way chemical reactions take 
place in the path of an electric discharge will be a fruitful one for 
investigation for many years to come. 

G. Absorption of products. — Next to the cost of power the largest 
expense in the arc process occurs in connection with the absorption 
of the very dilute nitrous gases in water. The high dilution of these 
gases necessitates very large absorption towers. Further research 
on the removal of dilute oxides of nitrogen should be undertaken. 

In this connection, important work was carried out for the Nitrate 
Division during the war by Noyes and Burdick on the use of a cata- 
lyst for hastening the reaction between nitric oxide and oxygen to 
form nitrogen dioxide. 

It might also be desirable to consider the possibilities of concen- 
trating the nitrogen dioxide obtained from the arc process by pre- 
liminary adsorption with silica gel or other solid adsorbent. 

4. The Cyanide Process. 

The cyanide process is still in so undeveloped a stage that many 
possibilities for research are presented. As already pointed out, 
this research would be of two kinds — ^first, chemical research into 
the nature of the actual reactions which are taking place ; and, sec- 
ond, engineering research into methods of handling the charge in a 
reasonably automatic manner and without such a rapid destruction 
of the retorts as is now the case. 

Attention must also be paid to various modifications in the cyanide 
process, such as that proposed by Mehner, and the possibilities of 
other reactions to form cyanides, nitrides, cyanamides, or similar 
compounds. The possibility of recovering cyanides from blast fur- 
naces should also be kept in mind. Important research on the 
cyanide process can undoubtedly continue for years. 

5. Other Processes of Nitrogen Fixation. 

In Chapter IV a number of other methods of nitrogen fixation 
have been considered and these all furnish fruitful fields for research. 
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It seems quite possible that entirely new methods of nitrogen fixa- 
tion may become of actual commercial significance within the next 
couple of decades. Proposals along these lines should all be given 
fair consideration. In particular, more attention might well be paid 
to the aluminum nitride process. 

6. The Properties and Methods of Transforming: Nitrogren Products. 

Research on the best methods of transforming nitrogen-containing 
substances from one form to another, and on the properties of dif- 
ferent nitrogenous compounds, can probably be continued almost 
indefinitely. The work in this field may be considered under two 
different headings: (a) Nitrogen in inorganic compounds, and (b) 
Nitrogen in organic compounds. 

a. Nitrogen in inorganic compotmds. — In an earlier part of this 
chapter we have discussed at considerable length the researches 
carried out by the laboratory on different inorganic nitrogenous 
compounds. The work in this field is perhaps better rounded out 
than in any other field that the laboratory has investigated. Never- 
theless, further progress can undoubtedly be made. The fundamen- 
tal transformation steps, such as the autoclaying of cyanamide to 
produce ammonia and the oxidation of ammonia to produce nitric 
acid, will bear further research. 

The problem of changing nitrate nitrogen back into ammonia 
nitrogen is one which will probably never have any commercial 
significance, since, with the decreasing supply of Chilean saltpeter, 
ammonia nitrogen is probably always going to be cheaper than ni- 
trate nitrogen. 

A search for further nitrogenous compounds suitable for use in 
agriculture is one which must not be neglected. In general, it is be- 
lieved, in agreement with the view so long advocated by Doctor Whit- 
ney, of the Bureau of Soils, that we should try to work in the direc- 
tion of the most concentrated fertilizer materials. In this connection 
ammonium phosphate is, of course, an extremely important substance, 
and improvements in methods of phosphoric acid manufacture are of 
fundamental importance for the nitrogen problem. The high concen- 
tration of ammonium nitrate as a fertilizer material must also not 
be forgotten, and further methods of making this material nondeli- 
quescent should be investigated. Urea is a very hopeful substance for 
fertilizer use, and its manufacture should be undertaken and im- 
proved. 

Research on the oxides of nitrogen is desirable. The present meth- 
ods of handling nitric oxide are far from ideal. This substance is 
the product obtained both from the arc process and from the oxida- 
tion of ammonia. Up to date it has only been handled in a single 
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way. It has been led, together ^itii excess air, through water absorp- 
tion towers, where it is absorbed to make dilute nitrie acid in accord- 
ance with the reactions 

NO+iO,=±NO, (1) 

3NO,+H,a±=2HNO,+NO (2> 

the nitric oxide formed by reaction (2) being again reoxidized in 
accordance with reaction (1). The slow step in this chain of reac- 
tions is the oxidation of nitric oxide to nitrogen dioxide, and this 
has led to the necessity of very large absorption towers in order to 
give time for this step to take place. 

Attention has already been called to the desirability of investigat- 
ing the proposal of Noyes and Burdick, that catalyst chambers be 
introduced in series with small water absorption towers in order to 
speed up the absorption process. Investigations of this possibility 
on a semicommercial scale would be of great interest. The possi- 
bility of concentrating nitrogen dioxide by preliminary adsorption 
on silica gel or other solid adsorbent has also been mentioned. 
. The direct utilization of nitrogen dioxide as an oxidizing agent, 
nitrating agent, or as a constituent of explosives should not be 
neglected. The possibilities of treating nitrogen dioxide with ozone 
to form nitrogen pentoxide should be further investigated, and more 
should be known about the properties of nitrogen pentoxide which 
might prove an important reagent for organic chemical syntheses. 

&. Nitrogenous compounds containing nitrogen in the organic 
form, — There are a wealth of possibilities in coAnection with the 
organic chemistry of nitrogen. In this connection it is believed that 
cyanamide is one of the most important starting points for organic 
chemical preparations, and further research into the chemistry of 
cyanamide will be of great value. 

As to the possibilities of utilizing cyanamide for organic syntheses, 
attention is called to the fact that the cyanamide linkage is funda- 
mental in guanidine and its derivatives nitroguanidine, aminoguani- 
dine, biguanide, etc., and in thiourea and its derivatives. It is also 
cgntained in the drugs, barbituric acid, veronal, and other deriva- 
tives, and purine bases such as guanine, theobromine, theophylline. 
It is furthermore fundamental in the guanidine type of aminoacids, 
such as glycocyamine, arginine, histidine, creatine, etc. This list of 
chemicals containing the cyanamide linkage indicates that this mate- 
rial may become an important starting point for organic syntheses. 
Of course, it must be pointed out that the cyanamide linkage may not 
be the most difficult part of the synthesis. 
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Further oompomids for which eyatiamide has been (Suggested as a 
starting point include thiocyanates, fornric acid, and salts of color 
acids with compounds of the cyanamide type. 

. With regard to the organic chemistry of nitrogen, it may be pointed 
out that the synthesis of proteins may, from one point of view, be 
regarded as the main reason for the fixation of atmospheric nitro- 
gen, since fixed nitrogen will largely be used for increasing the yields 
of corn and other foodstuffs. This iminediately suggests the possi- 
bility of getting nitrogen into a form where it can be made part of 
the animal diet without the necessity of taking the agricultural step. 
In this connection various possibilities present themselves. 

One possibility is that of feeding animals with nitrogen in a 
simpler form than that of proteins. Experiments have been carried 
out along such lines, but decisive conclusions have apparently not 
been reached. The general opinion is gained from the literature that 
it is not feasible to supply any appreciable fraction of the nitrogen 
in the animal diet in the form of ammonium sulphate or other am- 
monium salts. (See Emil Abderhalden Z. Physiol. Chem. 96; 1-147 
(1915).) As to the possibility of using slightly more complicated 
compoimds of nitrogen, such as urea, there seems to be more differ- 
ence of opinion. Abderhalden claims that urea is worthless as a 
nitrogen foodstuff, while the later work of Voltz (Biochem. Z. 102; 
151 (1920) ) on the feeding of lambs indicates that 50 per cent of the 
nitrogen can be given in the form of urea. Voltz claims that the 
amides are to be reckoned as digestible forms of nitrogen. 

Even if urea or some other cheap and simple form of nitrogen 
could be used as a part of the nitrogen diet, it could never entirely 
replace the proteins, or, rather, the amino acids, into which the pro- 
teins are broken down in the process of digestion, since it has been 
definitely shown that some amount of each of the six different types 
of amino acid must be present in a complete diet. This, of course, 
suggests the desirability of investigating methods of synthesizing 
some of the different types of amino acid by a method which would 
be commercially feasible and would lead to the production of material 
suitable as a partial constituent of mixed feeds. 

A method of synthesizing proteins without resorting to large-scale 
agriculture would be to grow yeast in a culture containing ammo- 
nium sulphate and sugar. Experiments along this line have been 
reported, using sugar obtained from the hydrolysis of sawdust, 
together with ammonium sulphate, with the idea of ultimately feed- 
ing the yeast to cattle. Such a method of synthesizing proteins can 
not be considered as strictly nonagricultural, since the growing of 
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the yeast plant may be considered as a " farming " operation, even 
if it does occur under laboratory control.' Nevertheless, the sugges- 
tion is very interesting and the possibilities along these lines should 
certainly be investigated. 

7. Agricultural Research. 

Further agricultural research on the behavior of nitrogenous com- 
pounds in the soil is a matter of great interest. The determination 
of their nutritional value for different crops, their toxicity to plant 
germination and plant growth, their effect on the helpful bacterial 
population of the soil, and their transformation in the soil both by 
chemical and bacteriological action, should all be investigated. These 
problems, moreover, merge into a general consideration of the science 
of soil fertility, which is one of the most fundamental practical prob- 
lems faced by the whole human race. 



CHAPTER VIL 



FIXED-NITROGEN ACTIVITIES OF UNITED STATES GOVERNMENT. 

A. INTRODUCTION. 

The importance from a military standpoint of proTiding facili- 
ties for the fixation of atmospheric nitrogen for use in the manu- 
facture of explosives, which would make the United States, to some 
extent at least, independent of foreign sources of supply of this in- 
dispensable material, had long been recognized by military authori- 
ties and had been repeatedly urged by the representatives of the 
Ordnance Department. 

In his report to the Secretary of War for the fiscal year ending 
June 30, 1915, the Chief of Ordnance, in adverting to the dependence 
of the United States upon a foreign country for the prime essential 
of all its explosives, namely, nitrate of soda, said in part : 

In a country of even the very large natural resources of the United States 
there are nevertheless some articles, essential in time of war, for which it is 
dependent upon foreign sources of supply. If these sources are so placed as 
to necessitate ocean transportation, the possibility of being cut off from them 
is great enough to call for provision against it. I do not know of any article of 
this class which at the present time should cause more concern with reference 
to the war-time supply than should nitric acid. The principal ingredient of 
the gunpowder of the present day, as well as of certain other explosives, is 
formed by treating ordinary cotton with nitric acid. The nitrogen in the nitric 
acid is obtained from sodium nitrate, which comes from Chile, and the country 
is therefore dependent for its powder manufacture upon Chile. Some attempt 
has been made to place in storage a sufficient quantity of sodium nitrate to 
serve the country during a considerable period of interruption of supply; but 
there is no difficulty ih saying now that the amount in store would produce 
a quantity of powder which would be insignificant in comparison with the re- 
quirements of a war, although it would undoubtedly be serviceable in tiding 
the country over a period which might be sufficient for setting in operation 
other methods of securing nitrogen for nitric acid, which would have been 
prepared in advance. 

These facts point to the necessity for inquiry into the possibility of the 
establishment within the limits of the country of a source of supply of this 
war essential. Fortunately the possibility exists. There are in successful 
operation in Europe in several countries plants for the fixation of atmospheric 
nitrogen and rendering it available for use in the manufacture of nitric add. 

260 
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These plants require for their manufacturiiig processes electric current in large 
amount In order that they may be OMnmercially successful the current must 
be very cheaply obtained, and it Is generally thus cheaply obtained by the 
employment of water power. In this country the expense of the employment 
of steam-generated electric current would not, In my opinion, be such as to 
render this method prohibitive for such an amount as would be required for 
the manufacture of nitric add for gunpowder and other military explosives. 

I believe that a steam plant could be established which would contribute 
effectively to the supply of the nitric acid which would be needed in the manu- 
facture of powder for the current prosecution of a considerable war ; but the 
expense, while not prohibitive, would still be such that this kind of a plant 
could probably not maintain itself commercially In ordinary times as against 
the production of nitric acid from imported nitrates, and the plant would, 
therefore in all probability remain in disuse in peace time, being held in 
reserve for time of war. Such a solution of the problem would be advisable 
if no better solution could be found, but the possibility of a better solution is 
apparent. There are in the United States various opportunities, under the 
control of the Federal Government, for the development of great water power. 
Some of these, I am informed, are such as to warrant their development for the 
purpose of power alone, and others would justify development for pow^ in 
connection with or as an incident to the improvement of navigation. Estimates 
have been made of the cost of the power which would thus be made available, 
and have shown it to be such as to permit the fixation of atmospheric nitrogen 
in compounds which could be used in the manufacture of nitric add at such 
prices as to enable water-power plants to maintain themselves in successful 
competition in the nitrate Industry with foreign sources of supply of nitrates. 

During the next year the several methods of nitrogen fixation were 
considerably studied under the direction of the Chief of Ordnance. 
Upon reading an article in the July 1, 1915, edition of Leslie's Illus- 
trated Weekly on the subject of the manufacture of nitrates from 
atmospheric nitrogen, included in which was a picture of the Amer- 
ican Cyanamid Co.'s Niagara Falls, Canada, plant, the Chief of 
Ordnance, on July 22, 1915, addressed a letter.to the American Cyan- 
amid Co., Canada, stating that " ♦ * * this department would 
appreciate any information you may feel disposed to give which 
would aid it in reaching a conclusion as to the desirability of estab- 
lishing a plant within the limits of the United States, and the feasi- 
bility of utilizing any of its existing water powers." Under date of 
July 80, 1915, the president of the American Cyanamid Co. replied 
confidentially advising of his company's plant, process, capacity, etc. ; 
of the nitric acid situation in Germany at that time ; and of the gen- 
eral conditions under which his company would aid the Government 
in an attempt to secure an independent supply of nitric acid. Fol- 
lowing this the Chief of Ordnance and the president of the American 
Cyanamid Co. were quite continually in touch with each other either 
through correspondence or personal conference. 

During this year, 1915-16, there were introduced into Congress 
several bills looking toward the establishment of nitrogen fixation 
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p3X)cesse8 ; and the subject in general attracted much attention in de- 
bate and in the public press throughout the country. Although none 
of these bills became law, Congress was now agitated over the sub- 
ject and numerous proposals of legislation were made, looking toward 
an appropriation of public moneys for the furtherance of fixation 
processes. The culmination of this was the incorporation into the 
national defense act, approved June 3, 1916 : 

Section 124. Nitrate supply. — ^Tbe President of the United States is hereby 
authorized and empowered to make, or cause to be made, such InTestigation 
as in his Judgment is necessary to determine the best, cheapest, and most avail- 
able means for the production of nitrates and other products for munitions of 
war and useful in the manufacture of fertilizers and other useful products of 
water power or any other power as in his judgment is the best and cheapest to 
use; ♦ ♦ ♦, 

The sum of $20,000,000 is hereby ai^ropriated out of any moneys in the 
Treasury not otherwise appropriated, available until expended, to enable the 
President of the United States to carry out the purposes herein provided for. 

The Secretary of War was then designated to carry out the pro- 
visions of this section (sec. 124, nitrate supply) of the national de- 
fense act. 

• 

At the request of the Secretary of War the president of the Na- 
tional Academy of Sciences, in cooperation with the American 
Chemical Society, appointed a committee of scientists and engineers 
to determine the best, cheapest, and most available means for the 
production of the desired nitrogenous , materials. This committee, 
the personnel of which was Dr. Arthur A. Noyes, chairman ; Dr. Leo 
H. Baekeland, Mr. Gano Dunn, Dr. Charles H. Herty, Dr. Warren 
K. Lewis, Mr. Michael I. Pupin, Dr. Theodore W. Eichards, Dr. 
Elihu Thompson, Dr. Willis R. Whitney, submitted a preliminary 
report on June 2, 1916, a summary report on January 6, 1917, and 
its complete final report on January 20, 1917. 

This report recommended briefly that (1) a sufficient supply of 
saltpeter (Chilean nitrate) should be imported and stored here as 
would constitute a safe provision for the first year of hostilities; 
(2) the Government should prepare to utilize in a war emergency 
the large domestic production of coke-oven ammonia by erecting a 
plant for purifying coke-oven ammonia and converting it into nitric 
acid; (3) the Government should provide for the development of 
processes for the fixation of atmospheric nitrogen on as large a 
scale as possible by developing at a suitable location as much hydro- 
electric power as is possible with the appropriation available, and 
sell this power at cost to private companies for use in fixing atmos- 
pheric nitrogen. 

General opinion was probably in accord at the time with this 
recommendation regarding a large water*power development and 
many sites for plants were being urged for selection in view of their 
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potential water power. The President, therefore, on January 15, 
1917, appointed the so-called Interdepartmental Board, consisting 
of the Secretaries of War, Interior, and Agriculture, to consider 
sites for nitrate plants. In the early part of 1917 this board made a 
journey throughout the southern and eastern portions of the United 
States holding hearings en route and examining all of the more 
prominently mentioned sites. No formal report was made, how- 
ever, as the continuance of this investigation came to an abrupt end 
due to the turn in events. 

On April 7, 1916, the Secretary of Interior offered the Secretary of 
War the aid of the Interior Department in any capacity in which it 
would be useful for national preparedness. Accordingly, during 
April and May the chief chemist of the Bureau of Mines, of the De- 
partment of Interior, had several informal conferences with the 
Chief of Ordnance on the question of nitrate supply, and in August 
at the proposal of the Secretary of War that qualified representatives 
be sent abroad to study the methods of manufacture of nitric acid, 
otherwise than from sodium nitrate, followed in the various coun- 
tries of Europe, the Secretary of Interior designated Dr. Charles L. 
Parsons, of the Bureau of Mines, and recommended Mr. Eysten Berg, 
an engineer who had had exceptional opportunity for observing and 
studying fixation processes, as these representatives. Both were ac- 
cordingly appointed chemical engineers in the Ordnance Department 
for the last three months of 1916, during which time they visited 
plants in France, Italy, England, Norway, and Sweden. 

The large mass of information obtained by these representatives 
formed the basis of study for the recommendations made by the 
National Academy Committee on January 20, 1917, mentioned above. 

Mr. Berg's report of January 15, 1917, showed that the most promi- 
nent processes were the arc, cyanamide, and Haber, all of which were 
used to some extent in Europe. He further described the processes, 
with their respective power requirements. 

The first formal report from Doctor Parsons was submitted on Jan- 
uary 27, 1917, and a subsequent one on April 30, 1917, In these re- 
ports special emphasis was laid upon the rapid development in the 
United States of processes for the direct synthesis of ammonia from 
nitrogen and hydrogen, for its synthesis through the formation of 
cyanide as an intermediate product, and for the oxidation of am- 
monia to nitric acid. Attention was called to the process developed 
by the General Chemical Co. for the synthesis of ammonia by the 
direct combination of nitrogen and hydrogen at lower pressures than 
those previously deemed necessary and contemplated by the Haber 
patents. A tentative proposal from the General Chemical Co. of an 
agreement whereby that company would grant to the Government of 
the United States the use of its processes and designs for apparatus 
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fpr the synthesis of ammonia and for the oxidation of ammonia to 
nitric acid upon very liberal terms was also included in the report. 

All these processes of promise had been previously brought out, 
however, and on March 9, 1917, the Secretary of War appointed a new 
committee, called the "Nitrate Supply Committee," to secure an 
opinion based upon a comprehensive review of all the facts collected 
up to that time by the several agencies whose aid had been invoked. 
This committee consisted of the following: Brig. Gen. William 
Crozier, chairman, Rear Admiral Ralph Earl, Brig. Gen. William 
M, Black, Mr. F. W. Brown, Dr. Leo H. Baekeland, Mr. Gano Dunn, 
Dr. Chas. H. Herty, Dr. William F. Hillebrand, Dr. Arthur A 
Noyes, Dr. Chas. L. Parsons, and Dr. Willis P. Whitney. 

After giving careful consideration to all information available, 
and after duly weighing the several purposes of the national defense 
act, the conunittee reconamended the following action : 

I. That the Gk)v«rnment negotiate with the C^neral Chemical Co. for the right 
to use its synthetic ammonia processes. 

II. That contingent upon satisfactory result of such negotiations, there be set 
aside from the $20,000,000 appropriated, such sum, estimated at about $3,000,000, 
as should be necessary to build a plant to produce by that process about 60,000 
pounds of ammonia per 24-hour day; location, southwest Virginia preferably. 

III. That out of the same appropriation, $600,000, or as much more as needed, 
be set aside for 'building a plant for producing by oxidation of ammonia about 
the equivalent of 24,000 pounds of 100 per cent nitric acid per 24-hour day. 

IV. That the War Department proceed at the earliest practical date with the 
construction of the oxidation plant and, contingent upon satisfactory arrange- 
ments with the General Chemical Co., with the construction of the synthetic 
ammonia plant also. 

V. That the Government negotiate with the Nitrogen Products Co. with the 
view to a contract for the right to use that company's patents and proceed 
with experimentation looking toward the industrial development of the Bucher 
process for production of ammonia through cyanide ; and that contingent upon 
satisfactory arrangement as above a sum not over $200,000 be allotted out of 
the nitrate siip0y appropriation. 

VI. That out of the $20,000,000 nitrate supply appropriation $100,000 be 
allotted for active investigation of processes for the industrial production of 
nitrogen compounds useful in the manufacture of explosives or fertilizers— this 
under supervision of the War Department. 

VII. That in order to increase the production of ammonia and toluol the 
Government promote the installation of by*product coke ovens by directing 
priority in production and transportation of materials and parts. 

VIII. That the decision as to more extensive installation of nitrogen-fixation 
processes and water-power development in connection with them be postponed 
until the plants above recommended are in operation or until further need 
arises. 

IX. That while the preceding recommendations include all the measures that 
can now judiciously be taken for 1;he fixation of ammonia, it is the opinion of 
the committee that the immediate accumulation and the permanent maintenance 
of an ample reserve not less than 500,000 tons of Chile saltpeter is the measure 
most urgently necessary. 
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The Interdepartmental Board unanimously recommenited to the 
President on July 7, 1917, that the first six of these recommendations 
be approved, and on July 13, 1917, the Secretary of War advised the 
Chief of Ordnance of the Army that the President had approved 
the recommendations of the Interdepartmental Board. The Secre- 
tary of War then, in directing the Chief of Ordnance to proceed to 
carry out these first six recommendations of the Nitrate Supply 
Committee, also announced that for the present the consideration of 
development of large water-power installations, which had been 
begun by the Interdepartmental Board, would be suspended. 

The outstanding feature of this program for action was the con^ 
struction of the sfynthetic ammonia plant, using the General Chem- 
ical Co.'s process. 

During the month of April the General Chemical Co. submitted 
various estimates to show the cost of the manufacture of anhydrous 
ammonia by their process and also to show economies that could be 
anticipated when the process was perfected. Under date of April 20, 
1917, this company submitted to the President its first tender, which 
was not accepted. This tender modified, and resubmitted under date 
of June 5, 1917, was accepted by the Secretary of War on behalf of 
the President on July 14, 1917. 

The proposal as accepted granted to the Government of the United 
States the use of its processes and designs of apparatus for cata- 
lytically combining nitrogen and hydrogen and other processes, 
patented or otherwise, upon the following terms: No royalties if 
products were to be used for munitions of war, and a royalty of $5 
for each ton of 2,000 pounds of fixed nitrogen if products were to be 
used for fertilizer. No license was conveyed for use of the processes 
for other classes of material. 

The General Chemical Co. placed at the disposal of the President 
the entire services of those members of its staff under whose super- 
vision the process had been developed and agreed to communicate to 
the Government all of its knowledge and discoveries pertaining to 
the process. The Government was, on its part, to give information 
to the Greneral Chemical Co., the wording of the clause being as 
follows : 

And, reciprocally, it is understood that all modifications and improvements in 
the processes or apparatus which the Government shall discover or employ shall 
be at the disposal of the General Chemical Co. and its licensees, if any, for 
use in its or their own works, and that all such modifications and improvements 
shall be freely exhibited upon request to the representatives of the General 
Chemical Co. 

Previous to this approval, acceptance of tender, etc., by the Secre- 
tary of War, the Ordnance Department had been engaged in vigor- 
ous reconnaissance of that portion of the country recommended by 
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the Nitrate Supply Committee, viz, the western end of the State of 
Virginia and contiguous territory, and in such studies of processes 
and of the engineering problems connected with the plant as was 
possible at the time. An engineering study of the General Chemical 
Co.'s process, of its design of apparatus for carrying out its proc- 
esses, and of the buildings which it had planned for housing that 
apparatus was diligently carried on. 

However, due to the approval of the President of the recommenda- 
tions of the Nitrate Supply Committee and the acceptance of the 
Oeneral Chemical Co.'s proposal, the investigating and study stage 
of the project was passed, and on July 21, 1917, a separate division 
of the Ordnance Department, called the Nitrate Division, was cre- 
ated, to have charge of nitrogen fixation problems, with Col. J. W. 
Joyes, Ordnance Department, United States Army, as chief. 

B. NITRATE DIVISION, ARMY ORDNANCE. 

The Nitrate Division, also known as Division T, had, as its first 
duty, to carry out the recommendations of the Nitrate Supply Com- 
mittee, for the execution of which further provision had been made 
in the tender of the General Chemical Co. 

Plans for the location and construction of the synthetic ammonia 
plant naturally absorbed the energies of the new division for the first 
few weeks and left little time for investigating the process. These, 
however, had been already favorably reported upon by the Nitrate 
Supply Committee and orders for construction of the plant were 
mandatory, so that every effort was bent toward carrying out the 
program with the assumption that expectations with regard to the 
processes would be fulfilled. 

This modified Haber proce^ had been carried by the General 
Chemical Co. to the point where, having operating units upon some- 
thing more than a laboratory scale, that company had felt sufficiently 
convinced of the value of the process to undertake the construction 
of a plant to cost about $1,000,000. Doctor Parsons, chief chemist 
of the Bureau of Mines, after visiting the General Chemical Co/s 
experimental plant and after studying the plans for their modified 
Haber synthetic ammonia plant (of 7^ tons ammonia per day ca- 
pacity) to be built at Shady side, N. Y., advocated very strongly this 
acceptance of the General Chemical Co.'s proposal. 

An understanding was reached with the General Chemical Co. 
whereby all the orders which they had placed for apparatus, building 
material — a very considerable proportion of which was required for 
the plant they had expected to build — should be transferred to the 
United States, which would thereby acquire all such apparatus at 
absolute cost of the same material to the General Chemical Co. and 
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with the advantage of a yery considerable amount of progress, since 
some of these orders were placed as early as November, 1916. The 
contract with the General Chemical Co., covering these transactions, 
while dated as late as September 20, 1917, was made retroactive and 
covered assistance of this nature by that company from the date of 
the instructions of the Secretary 6i War, July 13, 1917. 

1. United States Nitrate Plant No. 1. 

In the meantime, on August 18, 1917, the J. G. White Engineering 
Corporation, 43 Exchange Place, New York City, was engaged to 
undertake for the Government the engineering and construction work 
for the General Chemical Co.'s process plant, which was now desig- 
nated as United States Nitrate Plant No. 1. This contract, which 
was made retroactive to August 18, 1917, although dated as late as 
October 2, 1917, was upon the cost-plus percentage basis, as the work 
was not suflSciently clearly defined, and too much time would have 
been lost by attempting to so define it that a fixed price could be de- 
termined upon. In view of the very considerable amount of engineer- 
ing which was to be done, it was considered that a fee of 9 per cent 
upon the actual cost of the work done, including the power-plant 
machinery but not the process machinery, was an altogether fair one. 
This engineering corporation rendered such services as to give com- 
plete satisfaction, and the ofiicers and employees were not only com- 
petent, energetic, and loyal, but went out of their way to assist in every 
way possible in the work. 

As a result of the long-continued and thorough examination of 
sites there was submitted to the Secretary of War on September 20, 
1917, a report listing and giving the characteristics of nine sites 
which appeared to be worthy of serious consideration. Four of 
these — Chattanooga, Knoxville, Sheffield, and North Birmingham — 
had such advantages, however, as to be indicated as the places be- 
tween which the ultimate choice should lie. On September 28, 1917, 
the Secretary of War advised that the President had decided upon 
Sheffield as the site upon which plant No. 1 should be built. 

This site is located in Colbert County, in the northwestern corner 
of Alabama. The reservation, which finally totaled 1,900 acres, is a 
rolling land immediately west of the city of Sheffield, extending 
about a mile along the south bank of the Tennessee River and south 
to the Southern Railway, including at its easterly end the 100-acre 
property and idle buildings of a pipe foundry. 

The main buildings of the new plant were located in the pipe- 
foundry area and the old buildings utilized as far as possible in the 
new plant. 

In securing title for the Government to the various parcels of 
property comprising this site, Col. J. W. Joyes, Chief of the Nitrate 
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Diyision, represented that instead of having the land purchased by 
Oovernment agents the citizens of the oommunity select a committee 
to act as liaison between the Government and the landown^:^, with 
a view to seciiring the desired site at a reasonable price. At a public 
mass meeting 13 residents of Sheffield and Tuscumbia were selected 
to membership of that committee. 'There were also named three 
Government appraisers. The committee secured options from land- 
owners and submitted these options to the Government appraisers. 
If the option secured met with the approval of the appraisers, the 
land was accepted. Donations were made of some 750 lots, and other 
lots were secured for about half their value. 

On October 4, 1917, the first field party arrived at Sheffield and 
began the survey of the site. On October 9 the construction superin- 
tendent for the J. G. White Engineering Corporation arrived. Work 
began shortly after his arrival, the remodeling of the old foundry 
buildings receiving first attention. 

The first building material, 3 cars of sand, arrived October 19, 
1917, while on October 25 the first car of construction equipment 
was spotted. On the 26th work was begun on tearing down the old 
machine shop, and the smaller foundry accessory buildings were re- 
moved and the ground cleared for the site of the process building. 
The first concrete for permanent construction was poured November 
9, 1917. 

By the 1st of January, 1918, the machine-shop steel had been 
removed and reerected and concrete footings were in for the process 
building, power house, gas house, and gas holders, and a large amount 
of temporary work, such as roads, tracks, and material storage sheds, 
was under way. 

At the outset of the work it was seen that the location of the plant 
was not favorable for workers, as the total population of the three 
near-by towns — Sheffield, Tuscumbia, and Florence — was not over 
15,000. The working forces had been recruited to but 225 men when 
the local labor supply was exhausted, making necessary the recruit- 
ing by labor agents of outside labor, which brought in the question 
of housing and feeding. 

Accordingly a site was selected for a white camp about three- 
quarters of a mile west of the factory area. Here work was started 
December 8, 1917, on the construction of a mess hall seating 950, 26 
bunk houses accommodating 768, and 27 cottages, which were occu- 
pied January 9, 1918. 

A negro camp, which consisted of 82 two-room houses accommo- 
dating 325 laborers, was started November 30 and bunks occupied 
December 19, 1917. 

In the meantime, about August 14, 1917, Colonel Joyes, together 
with a member of his staff, visited the experimental plant of the 
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General Chemical Co. at Laurel Hill, Long Island, in company with 
the inventor of the process. The impression gained by this visit was 
rather unfavorable, and arrangements were made whereby several 
junior Army officers — chemists and chemical engineers — were de- 
tailed to the experimental plant for the purpose of making a careful 
study of the operation of the process. This study disclosed that 
while the process had great possibilities it would be necessary, in 
planning for additional nitrogen plants, to refrain from installing 
further plans on this process because the Ordnance Department could 
not feel assured of certainty of production within the time required. 
This uncertainty arose partly upon the difficulty of procurement of 
apparatus and partly upon lack of definite recorded c^erating data, 
upon which the department could base justification of its relying 
on the process. 

The ordering, inspecting, and expediting of the materials and 
equipment of this plant were carried out almost entirely by the 
Washington office of the Nitrate Division. Great difficulty was met 
in placing orders for the 12 large forged-steel cylinders, as there were 
in this country only two establishments equipped to hollow-forge 
cylinders of the large sizes required. These companies — the Bethle- 
hem Steel Co. and the Midvale Steel & Ordnance Co. — were over- 
crowded with war orders for the Army, Navy, and the Emergency 
Fleet Corporation, which, although carrying the same priority rat- 
ing — ^Class A-1 — as the Nitrate Division orders, were placed at an 
earlier date and so received preference. All these cylinders were 
finally worked into the schedule of the Midvale Steel & Ordnance 
Co. The machining was done by the Bethlehem Foundry & Machine 
Co. and Pusey & Jones. 

The original plan, which directed that a plant be built to try out 
the General Chemical Co.'s synthetic ammonia process, together with 
the development of a process for the oxidation of ammonia to nitric 
acid, and for concentration of nitric acid, did not provide for an 
outlet for the product. Of the total 60,000 pounds of ammonia per 
day, only 8,000 pounds were to be converted into nitric aoid, and no 
plans were made for the disposition of the resulting 24,000 pounds 
of nitric acid or the remaining 52,000 pounds of ammonia. 

Early in 1918, therefore, a plan was worked out for oxidizing a 
little over half of the ammonia and for combining the resulting acid 
with the remaining ammonia, producing about 125,000 pounds of 
ammonium nitrate per day, or probably 22,000 tons per annum. The 
nitric acid concentration plant was then to remain as a merely ex- 
perimental adjunct. 

The plant was completed according to this schedule, and in addi- 
tion property was acquired in sufficient quantity to provide for 
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expansions and extensions of the original plant and for the erec- 
tion of smokeless powder, picric acid, T. N. T. plants, etc. 

Under date of January 30, 1918, a contract was entered into by the 
Government with the Chemical Construction Co., of Charlotte, N.C., 
to design, erect, and build in the shortest practicable time a com- 
plete nitric acid recovery plant, embracing oxidation and concen- 
tration plants. 

Although the contract "was dated as late as January 30, the con- 
tractor had started active progress prior to this date, and on Janu- 
ary 10 unloaded his first cars of materials. On January 29 the first 
concrete for the oxidation and absorption building was poured, and 
concrete work on the concentration building began 10 days later. 
The erection of the steelwork on these buildings commenced on 
April 11, 1918. 

The buildings, although built under war conditions, were designed 
for the peace-time operation of the plant. Accordingly proper pro- 
vision had to be made for housing the employees on the reservation. 
After careful consideration a site immediately west of the construc- 
tion camp was selected, with the idea of utilizing the construction 
buildings as far ajs possible in the permanent scheme. 

Mann & MacNeille, landscape architects, of New York City, who 
were retained by the Nitrate Division to work up a design for the 
permanent village and housing, submitted the first sketches of five- 
room cottages on April 24, and on May 11 construction work was 
begun. 

Although the J. G. White Engineering Corporation began work on 
the village May 11, the contract, a supplemental agreement to the 
main contract, bore the date of May 29, 1918. On July 8 the first 
of these permanent houses was occupied. 

In the meantime construction of the manufacturing plant had been 
progressing rapidly, and on June 4 the first fire under the power- 
house boilers was lighted, while on June 11 rotary No. 1 carried 
load, the power house thus delivering its first power less than four 
months after setting the first steel. The operating department took 
over operation on June 23, and all contractors' employees were out 
of the power house by June 26, 1918. 

In the oxidation building the first ammonia was oxidized to nitrous 
oxide on July 1, while on July 15 the first nitric acid (60 per cent) 
was drawn off at the absorption tower and placed in the storage tank. 
Following this the operating department assumed charge of the 
process building unit No. 1 on August 28 and the first synthetic am- 
monia was turned out on September 16. On October 28 nitric acid 
was neutralized to ammonium nitrate liquor, and on November 12, 
one day after the signing of the armistice, the first ammonium nitrate 
was produced. 
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After the armistice the 8-h6ur day was put into effect and the 
construction force reduced to 200 men. By December 8 all village 
construction actiritied, houses, roads, and grading had been taken 
over by the Ordnance Department and were completed by January 
1,1919. 

All construction and operation activities were definitely discon- 
tinued in January, 1919. Unit No. 1, of 16,000 potuids of anhydrous 
ammonia per day capacity, was the only unit entirely completed 
and upon which operation was attempted. Unit No. 2, a duplicate 
of No. 1, and Unit No. 3, of twice the capacity of Unit No. 1, were 
partially completed. Continuous operation was never realized and 
only a small amount' of ammonia produced. Many of the difficulties 
of operation were overcome by changes in the process or the devel- 
opment of special apparatus, but others were such as to actually 
obstruct successful operation and to be beyond ready correction. 
These, however, it is believed, have been corrected in the redesign of 
the plant now practically completed by the Nitrate Division. 

Although this plant was fimdamentally a trial plant for the 
General Chemical Co.'s " synthetic ammonia process," to be financed 
from funds made available by the " nitrate supply " section of the 
national defense act, the extension of the concentration project and 
the addition of the plant for the production of ammonium nitrate 
made the plant one of national defense. The financing of the con- 
struction cost of this plant, therefore, was from " national security 
and defense " and " armament of fortifications," funds with but 
$53,369.43 of " nitrate supply " funds. 

The total gross cost of construction was $12,887,841.31. Of this 
amount $1,597,978.26 was for the permanent village, $508,369.43 for 
lands, and $198,223.26 for land improvements, roads, walks, etc. 
Expenses incident to operation were $710,476.12. 

As has been previously shown, the process as installed is for the 
manufacture of producer gas, which is then used in the production 
of synthetic ammonia, apart of which is oxidized to nitric acid and 
neutralized by the remaining ammonia to form ammonium nitrate in 
solution, which is then grained or crystallized. 

The rated capacity of the plant is 4,800,000 cubic feet of producer 
gas per day to be generated in blue-gas generators. This gas then 
flows to gas holders, from which it is drawn to the ammonia process 
building, where by the aid of a catalytic material the carbon monoxide 
is converted to carbon dioxide. Steam and air are now introduced 
and the pressure raised to 1,450 pounds per square inch. By means 
of another catalytic material the resulting nitrogen and hydrogen 
ia liquefied to anhydrous ammonia. The rated capacity of this part 
of the process is 60,000 pounds of anhydrous ammonia per day. 
About one-half of this ammonia is then oxidized in the presence of p 
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platinum gauze catalyst to nitric acid, in a plant of 200,000 pounds 
of 60 per cent nitric acid per day capacity, while the other half is 
used to neutralize this nitric acid to form ammonium nitrate solu- 
tion. Approximately 200,000 pounds of 56 per cent ammonium 
nitrate solution may be produced per day, which is evaporated and 
grained to the finished ammonium nitrate. 

As was to be expected, difficulties were encountered and changes 
were found necessary at every stage of the ammonia process in the at- 
tempted operation of the plant. In the gas>production part of the sys- 
tem it is found advisable, in order to better control the composition of 
the mixture, to supply the nitrogen content by admitting air through 
a supplementary burner which projected its flame into the gas stream 
rather than by blowing air into the water-gas generators, as had 
originally been planned. This supplementary burner also served to 
raise the temperature sufficiently for the oxidation of carbon monox- 
ide to carbon dioxide in the carlxm monoxide converter, making 
unnecessary the superheating of the admixed steam as had been 
intended. 

The water scrubbers and copper scrubber of the purification 
system were found to be inefficient, but their operation was im- 
proved by providing a better type of packing and by consolidating 
the scrubber cylinders to form towers of double height. The great- 
est difficulty, however, was experienced with the hot caustic system 
for removing the carbon monoxide, since it was found to be im- 
possible to maintain tight pipe joints under the corrosive action 
and high pressure of the hot caustic. The difficulty was finally 
solved when it was found that the bulk of the carbon monoxide 
could practically as well be removed by the copper solution and the 
residual carbon dioxide by operating the caustic system cold. 

Great difficulties also were experienced with the ammonia syn- 
thesis and liquefaction systems. The ammonia catalyst is contained 
in a steel bomb about 48 inches internal diameter and 15 feet 2 
inches long, with screwed heads, top and bottom. The main diffi- 
culty was the inability to keep this bomb tight in view of the pres- 
sure of 1,450 pounds per square inch which had to be maintained. 
The catalyst operated at 500° C, which temperature was maintained 
by heat interchangers and a gas heater, which supplied additional 
heat at the entrance to the bomb. The tubes in the heater burned 
out frequently, permitting the escape of gas, which often caused the 
process to be shut down. The escaping hydrogen often ignited, but 
fortunately there was no loss of life in any of these accidents. Pipe 
joints also failed, due to excessive strains put on them by expansions 
and contractions caused by differential temperatures in the system. 
It had been planned to remove the product from the gas mixture as 
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anhydrous ammonia, and a refrigerating SfyBtem was installed for 
this purpose. The refrigerating plant, however, was fbimd to be 
less than one*third the proper capacity, and it was necessary to in- 
stall all the refrigerating equipment intended for the three units in 
order to liquefy the product of one. 

Facilities were necessary for producing the catalysts required for 
the conversion of the carbon monoxide to carbon dioxide and for the 
conversion of the hydrogen-nitrogen mixture to ammonm, and also 
for the sodamide used in gas puriification. A proposal of the General 
Chemical Co. that they erect a plant at one of their works and prepare 
this material at cost was accepted September 8, 1917. Little difficulty 
v^as encountered in making the catalyst for the carbon monoxide con- 
version and the sodamide, but great difficulty was experienced in mak- 
ing catalyst for ammonia synthesis. Much concern was felt over this 
fact, inasmuch as this material is vital to the success of the process, 
and the Nitrate Division, in July, 1918, established, through the as- 
sistance of the Department of Agriculture, an experimental station 
at Arlington, Va., for the study of the production of this catalyst. 
The best scientific talent available was called in, but due to the lack of 
time satisfactory results were not obtained. The problem was later 
tnmed over to the Fixed Nitrogen Besearch Laboratory established 
at the American University, the work of which is discussed elsewhere 
in this publication. 

Since according to the " nitrate supply " act the product of this 
plant was to be not only for munitions of war but also ^' useful in the 
manufacture of fertilizers " as well, and as the plant did not function 
properly, the problem of redesign was one of immediate interest. On 
July 29, 1920, there was formed a '* plant 1 section " of the Nitrate Di- 
vision for the redesign and modification of the ammonia process of 
United States Nitrate Plant No. 1, with Mr. E. S» Tour in charge. 
Mr. Tour had been chief of the technical department at the Sheffield 
plant and had also been a member of the nitrate commission which 
visited the atmospheric nitrogen fixation plants of Europe in the sum- 
mer of 1919. 

A program of action was mapped out, but for reasons stated be- 
low^ this program was only partially carried out. The program in- 
cluded : Laying out definite, although not detailed, plans for remodel- 
ing, reconstruction, or replacement of portions of the installation; 
engineering experimentation to obtain necessary data and to test 
certain mechanical devices ; completed designs with all necessary de- 
tails for construction and erection of United States Nitrate Plant 
No. 1; fabrication, construction, and erection of the developed de- 
signs and modifications ; experimental operation of the modified unit 
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at Sheffield, Ala., this to indnde such changes and modifications as 
developed during experimental operation. 

It was planned that the entire program should be completed by 
July 1, 1923. Construction was to be started by the summer of 1921 
and completed early in 1922, leaving about one year for trial opera- 
tion and development The cost estimate for this program, includ- 
ing the modification of unit No. 1, using the Haber*-Bosch process^ 
and the installation of an electrolytic hydrogen genera<dng plant for 
trial of the Haber electrolytic process, was : 

Modification : 

1. Gas production and purification $243, 335 

2. Circulation and liquefaction 127, 814 

8. Auxiliary equipment ^ 50, 000 

4. General expense 127,065 

$548,214 

Trial operation (7 months for the Haber-Bosch and 8 

months for the Haber electrolytic system) : 

1. Labor 198, 530 

2. Materials and supplies : 

Power 160, 625 

General . 115, 748 

474, 903 

Total 1, 023, 117 

In view, however, of the construction and erection of a synthetic 
ammonia plant at Syracuse, N. Y., by the Atmospheric Nitrogen 
Corporation, it was deemed inadvisable for the Government to con- 
tinue experimental work at Sheffield, and the Chief of the Nitrate 
Division recommended to the Chief of Ordnance on March 24, 1921, 
that the reconstruction of United States Nitrate Plant No. 1 be de- 
ferred and the plant be retained in the most economical stand-by 
condition. This recommendation was concurred in by the Chief of 
Ordnance and was approved by the President on April 30, 1921. 
Accordingly, the first three items only of the original program of 
redesign have been carried out. 

In connection with this redesign, outside engineering advice was 
sought whenever possible and wherever available. The general con- 
siderations in the redesign were : Changes found by experience in the 
operation of the Sheffield plant to be absolutely necessary before 
operation could be attempted; changes indicated by general engineer- 
ing practice to be fundamentally necessary before successful opera- 
tion could be hoped for ; basic changes in the process, especially the 
substitution of electrolytic production of hydrogen for the present 
method and apparatus installed. 

The designs were based on considerations of economy from the 
standpoint of the utilization of available equipment; certainty of 
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operation; simplicity of construction; small experimental invest- 
ment ; ease of later modification to large capacity. 

General layouts of the remodeled plant and general drawings of 
the various items have been completed, covering in addition to the 
changes which were made tentatively during the former trial opera- 
tion such improvements as modifications of the water, caustic and 
copper scrubbers, a new type of liquid level control, a continuous 
type of copper solution regenerator, a new high-pressure stop valve 
for use on the hot lines, a new design of heat interchanger, and a 
new design of ammonia converter. A number of mechanical investi- 
gations, descriptions of which are given under "Miscellaneous me- 
chanical investigation," Chapter VI, were made for the determina- 
tion and solution of various design problems. The drawings and 
reports on investigations are on file in the War Department and will 
be available as a basis for complete detail drawings in case it is ever 
decided to proceed with the reconstruction part of the program. 

The plant has since January, 1919, been maintained in idle 
stand-by condition by a small force of painters and mechanics and is 
rigidly inspected semiannually by a consulting mechanical engineer 
in private practice. 

2. United States Nitrate Plant No. 2. 

The construction and erection of United States Nitrate Plant No. 1 
constituted a compliance with the instructions of the Secretary of 
War, but the Ordnance Department did not confine itself to this 
limited program. The Nitrate Division worked ahead to the increas- 
ing need for service to relieve the drain upon the shipping resources 
of the country in the importation of nitrate and to remedy for the 
serious emergency which would occur should importation be entirely 
cut off, as by submarines or by interference in Chile itself. There 
was, therefore, intensive search for processes which could be installed, 
whenever the need should become sufficiently urgent, with the least 
delay and with a greater certainty of production within a stipulated 
time than could be expected from the General Chemical Co.'s proc- 
ess until actual experience therewith could have demonstrated its 
capabilities. 

In such a survey of the field of possibilities, the Nitrate Division 
was inevitably led to the recognition of the fact that the only process 
then operated on this continent as an actual going concern was that 
of the American Cyanamid Co. 

When, therefore, in October, 1917, the Ordnance Department was 
confronted with the very large deficiency of supply of explosives and 
of materials for explosives, below the estimated requirements, and the 
Gun Division of the Ordnance Office, on October 24, 1917, notified the 
Nitrate Division of the urgent need of a further supply of ammonia. 
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the Nitrate Division proposed to help by using the American Cyana- 
mid Co., to produce the high explosive, ammonium nitrate, without 
requiring either ammonia from any outside source or sodium nitrate 
from the only possible source, Chile. 

The American Cyanamid Co.'s earlier tentative proposals were 
'^'Tjased upon the theory of the plant being built by the company at the 
expense of the United States, but with no payment whatever to the 
company as profit, the emolument to be the complete transfer of all 
right and title to the plant, after the war use thereof, to the American 
Cyanamid Co. These propositions, however, were not favorably re- 
ceived. One of the proposals, dated October 29, 1917, also con- 
tained an offer to operate to capacity their then existing plants for 
the production of ammonia to be sold exclusively to the Ordnance 
Department. This part of the proposal was accepted, and through 
the use of this ammonia, purchased in the form of aqua ammonia, 
fixed atmospheric nitrogen did find its way into American explosives. 

The need for the high-explosive ammonium nitrate was urgent; 
no adequate supply of the ammonia needed as its base existed, or 
could be created, except by the cyanamide process. The other con- 
stituent, nitric acid, could only be made from Chilean nitrate or by the 
cyanamide process. There was scant production of nitrate in Chile 
and shortage of ships to import it ; there was great and unmeasurable 
danger of interruption of production in Chile by German plots and 
of interruption of importation by German submarines and by German 
damage to the Panama Canal. The American Cyanamid Co. not only 
■*^ had a monopoly of the patent rights for the cyanamide process, but 
had a strong strategical position in the negotiations because of their 
experience in the actual use of this process, which no other corpora- 
tion on the American continent, at that time, had. 

Discussion on these various proposals was entered into generally 
by the Chief of Ordnance, president of the American Cyanamid Co., 
Mr. Baruch, and others of the War Industries Board, and several 
officers of the Ordnance Department. 

After the rejection of the proposal of October 29, previously men- 
tioned, several other proposals were considered and rejected. Each 
offer, however, came nearer to being acceptable to the Government 
than its predecessor, until on November 13, 1917, an offer was sub- 
mitted which, although not entirely satisfactory, was considered 
the best compromise which could be made and was accepted by the 
Government upon the approval of the War Industries Board. 
-»^^ The final contract, which bears the date of November 16, 1917, was 
duly signed December 4, 1917. 

This accepted tender proposed that whereas the American Cyana- 
mid Co. being unwilling to risk its assets would create a subsidiary 
company. Air Nitrates Corporation, and would give that company 
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full assistance, knowledge, good will, and license to patented process, 
all for 6 mills. per pound of nitrogen, equivalent to one-fourth cent 
per pound of ammonium nitrate ; Air Nitrates Corporation to receive 
for designing, constructing, etc., 3J per cent of the cost of the plant, 
estimated at $30,300,000, with a maximum limit of this fee of 
$1,000,000; Air Nitrates Corporation also to receive one-fourth cent 
per pound of ammonium nitrate as manufacturing fee. 

At the same time as these negotiations were taking place, the 
Cyanamid Co., at the instance of the Government, was investigat- 
ing the large engineering and construction companies of the country 
to find that company best fitted to construct and erect the proposed 
plant. It was found that Westinghouse, Church, Kerr & Co. of 
New York, engineers and builders, who had done considerable work 
on the American Cyanamid Co.'s Niagara Falls (Canada) plant, 
were completing a large job and so had the necessary construction 
personnel and equipment to immediately transfer to this new project 
It further developed that the. J. G. White Engineering Corporation 
was in a position to start construction of the steam power plant at 
once. , ' 

On November 17, 1917, therefore, the day following the date of the 
contract between the Gorernmejit and the American Cynamid Co. 
and the Air Nitrates Corporation, the Air Nitrates Corporation en- 
tered into contracts with Westinghouse, Church, Kerr & Co. and 
the J. G. White Engineering Corporation. 

The contract with the Westinghouse, Church, Kerr & Co. called for 
the subcontractor to, " in the shortest time possible, do the necessary 
engineering involved in the designing, drafting, and laying out of 
the work based on the general drawings, specifications, and directions 
furnished by the corporation from time to time, and furnish labor, 
materials, tools, machinery, equipment, facilities, and supplies, and 
do all things necessary in the construction and completion of grading, 
drainage, sewerage, and water system, buildings, foundations, roads, 
and ways ; such machinery and equipment, if any, as the corporation 
may request the contractor to furnish and install; and such other 
work at the site of the general plant or distant therefrom, but related 
thereto, as the corporation may specifically request in writing." 

As compensation the contractor was to receive 6 per cent of the 
total cost of the work except that of 5 per cent on the total cost of 
work done by the subcontractors. 

The J. G. White Engineering Corporation contract called for the 
subcontractors to do the necessary engineering involved in the de- 
signing, drafting, and laying out of the work based on the general 
drawings, specifications, and directions furnished by the corporation 
from time to time, and furnish labor, material, tools, machinery, 
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equipment, facilities, and such supplies, and do all things necessary 
for the construction and completion of a steam-electric power plant 
of substantially 65,000 kv.-a. capacity, together with its appurte- 
nances, such as coal storage, ash removal, and intake. 

The compensation, as in the case of the contract with Westing- 
house, Church, Kerr & Co., was to be 6 per cent of the total cost of 
the work except that of 5 per cent on the total cost of work done by 
subcontractors, 
N Although operation of the proposed nitrate plant would require 
approximately 90,000 kilowatts of power, and the power-plant hous- 
ing was of sufficient size to accommodate electrical generating equip- 
ment of this capacity, but 60,000-kilowatt capacity equipment was to 
be installed here at this time. It was decided that the remaining 
30,000 kilowatts could be secured at ah earlier date from the Ala- 
bama Power Co., whidi company at that time owned and operated 
an ekLectric generating, transmitting, and distributing system in north 
Alabama, which included, in general, a hydroelectric plant on the 
Coosa River with an installed capacity of 67,600 kv.-a. ; a transmis- 
sion network (including a 110,000- volt system) connecting this plant 
with various other plants and substations; a steam reserve generating 
plant known as the Warrior station, on the Black Warrior River, 
having an installed capacity of S5,000 kv.-a. ; and certain rights of 
way extending approximately 20 miles from the Warrior station 
toward Sheffield. 

Although this plan met with opposition from the main contractor, 
who contended that the whole 90,000-kilowatt capacity should be 
installed at the plant site, the wisdom of the Government's decision 
was well brought out when in October, 1918, a portion of the plant 
was ready to start up, the river power house was not nearly ready 
to supply the necessary power, which was supplied by the Alabama 
Power Co. 

Under date of December 1, 1917, an agreement was entered into by 
the Alabama Power Co. and the United States of America whereby 
the contractor, Alabama Power Co., was to, at its own cost and ex- 
pense, supply all labor, materials, supplies, etc., and do all things 
necessary for installing between its 110,000-volt system and its War- 
rior substation a tie line and other facilities of capacity and char- 
acter sufficient for transmitting continuously 30,000 kilowatts of 
3-phase, 60-cycle, alternating current at 110,000 volts, to the War- 
rior substation and through it to the transmission line referred to 
below ; to, at the expense of the United States, prepare designs and 
plans for and, upon their approval, construct and erect, as an ex- 
tension to the contractor's Warrior River station, a new power sta- 
tion building with a 33,333 kv.-a, steam turbo generator with boilers 
and switchboard and other necessary facilities ; a new Warrior sub- 



BEPORT ON FIXATION AND UTILIZATION OF NITROGEN. 279 

station and apparatus; a Muscle Shoals substation; and a Dxifton 
extension railroad to connect the Drifton Branch of the Southern 
Railway with the Warrior extensicm^ a distance of 8,000 feet ; to sur- 
vey and secure title to, at the contractor's expense, the necessary 
right of way approximately 100 feet wide to provide, in conjunc- 
tion with its present right of way of 20 miles length and 100 feet 
width, a continuous and reasonably direct right of way for a trans- 
mission line from the Warrior substation to the United States 
Nitrate Plant No.- 2, Muscle Shoals, and to, at the expense of the 
United States, design, construct, and erect a transmission line on 
this right of way and connecting the Warrior substation with the 
Muscle Shoals plant, of capacity and character sufficient for trans- 
mitting continuously 30',000 kilowatts of 3-phase, 60-cycle, alter- 
nating current of 110,000 volts. The contractor to receive, upon 
the signing and delivery of the contract, for use of his lands and 
otl>er facilities by the United States, and in lieu of overhead, the sum 
of $60,000, in addition to a fee equal to 6 per cent of the cost of 
construction and equipment performed or supplied by the contrac- 
tor. The United States was further to pay the contractor 6^ mills 
per kilowatt hour of energy actually delivered to the United States 
at the Warrior substation. 

On November 22, 1917, less than a week later than the date of the 
contract for the construction of the plant by the Air Nitrate Corpo- 
ration and the date of th« principal subcontracts, a party represent- 
ing the Government, the main contractor, and the two principal sub- 
contractors arrived at Sheffield to inspect the site at Muscle Shoals, 
which had previously been suggested by the American Cyanamid Co, 
and approved by the Government. 

This party went over the site and definitely laid out by indication 
the various buildings of the manufacturing plant, including the 
60,000 kilowatt steam electric power plant in the ravine along the 
edge of the Tennessee Eiver. 

The cyanamide process, as shown in a previous chapter in more 
detail, is one of nitrifying finely ground calcium carbide heated to 
incandescence by carbon electrodes in an oven ; the resulting calcium 
cyanamide is then finely ground and autoclaved, liberating ammonia 
gas. 

At the United States Nitrate Plant No. 2 the raw materials, lime- 
stone and coal, are brought in at the north end of the manufacturing 
plant, the process proceeding in a southerly direction. 

Limestone burned in a battery of coal-fired kilns forms a lime, 
which is mi:5^ed with dried, finely powdered coke, and fed to the large 
carbide furnaces in the next group. This mixture is heated to a 
molten mass by the use of large carbon electrodes and the resulting 
calcium carbide tapped off, cooled, crushed, and ground, and fed to 
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the lime nitrogen ovens. Here the carbide is highly heated in the 
presence of nitrogen, which is readily absorbed. The resulting pigs of 
calcium cyanamide are ground and the resulting powdered material 
hydrated to destroy as far as possible any free calcium carbide. This, 
then, is treated in the ammonia gas group with high-pressure steam in 
steel cylinders and ammonia gas liberated. As in the case of plant 
No. 1, a portion of this ammonia gas is then oxidized to nitric acid 
in a converter using a platinum gauze catalyst, and the resulting 
nitric acid neutralized with the remaining ammonia gas to form 
ammonium nitrate solution, which in turn is crystallized out to 
grained ammonium nitrate. 

The nitrogen is supplied by a large installation of Claude nitrogen 
columns, located in a plant to the east of the lime-nitrogen oven 
group. 

The rated daily capacities of these various groups in the manu- 
facture of ammonium nitrate are: Calcium carbide, 475 tons; lime 
nitrogen, 600 tons; ammonia gas, 160 tons; nitric acid, 260 tons; and 
ammonium nitrate, 300 tons. 

The terrain of the plant proper site, which was mostly a cotton 
field, was fairly level, while the site selected for the village, although 
not unduly rough or hilly, was rather undulated and was likewise 
a cotton field^ intermingled with patches of timber. 

One of the important ends sought and believed to be obtained in 
the location of United States Nitrate Plant No. 2 at the Muscle 
Shoals site was sufficient available and potential power. The Ala- 
bama Power Co.'s system and the possibilities of the tremendous 
power development in the Tennessee River at this point met these 
requirements. 

In securing title to the 2,306 acres comprising the plant site, the 
committee of citizens of the community, as in the case of United 
States Nitrate Plant No. 1, secured options to the various parcels 
and turned these options over to the -Government for examination 
and purchase of the property. 

The Southern Railway was engaged by the Air Nitrates Corpora- 
tion to make the rail connections to the plant site and to place both 
permanent and temporary track according to plans and directions 
as given from time to time. On November 23, and therefore the day 
following this first visit to the site, the Southern Railway engineers 
first started work, staking out the line. By December 10, 1917, rail 
connections had been made to the main line and run far enough 
into the plant site to unload the first construction material to arrive. 
This material was consigned to the Southern Railway. The first 
construction material for the Westinghouse, Church, Kerr & Co. 
arrived December 19, 1917, while the first car for the J. G. White 
Engineering Corporation was spotted January 15, 1918, 
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In the meantime the Chemical Construction Co. had been engaged 
by the Air Nitrates Corporation, according to the terms of the con- 
tract dated February 1, 1918, to design, erect, and build a complete 
nitric acid recovery plant consisting of 12 units, each unit to havj 
a capacity sufficient to treat 2,500 cubic feet per minute of gas con- 
taining 8 per cent NO. This work was to include one gas cooling 
plant comprising gas flue connections, steam boilers, gas coolers, 
and oxidation towers; and a nitric acid gas absorption plant, with 
acid storage, weighing tanks, exhausters, and acid pumping equip- 
ment. 

As compensation this subcontractor was to receive a fee equal to 
8 per cent of the cost of the work, except that his fee was to be 5 
per cent of that part of the work of his contract performed by sub- 
contractors. The maximum compensation was not to exceed $240,000. 

The first construction material under this contract arrived at the 
site January 5, 1918. 

The schedule of order of construction to be followed by the West- 
inghouse. Church, Kerr & Co. was: Kailroad tracks to serve site; 
roads from Florence and Sheffield to be put in shape to stand traffic 
and reconstruct so-called Eiver Road to provide access to plant; 
provide temporary office buildings ; provide temporary water supply 
from spring located near river bank ; provide camp and commissary, 
including water supply and sewer system, to house and feed work- 
men, also an emergency hospital; provide temporary utilities for 
light and power, water supply, compressed air, steam, machine shop, 
garage, etc.; construct manufacturing plant with its utilities; con- 
struct an industrial village with all its utilities to house the perma- 
nent operatives. 

In following out this schedule, therefore, March 1, 1918, found the 
amount of permanent construction, with the exception of the rail- 
road yards built by the Southern Eailway, practically nil. Then, 
too, the severe winter, which was without precedent for that section 
of the country, the thermometer registering as low as 8° F., mate- 
rially slowed up all work. 

Construction of the cantonment started on December 29, 1917, and 
by February 23, 1918, had reached a capacity of 7,664 workmen; 
May 11, a capacity of 11,630; and by September 1, 15,403. A girls' 
dormitory of a capacity of 192 was completed July 6. 

All these buildings were frame, with one-ply tar paper covering. 
In addition to these there were three tent colonies of a total capacity 
of 344. 

As the total number of male employees on the whole job reached 
the peak of 19,263 on August 8, 1918, and as the neighboring towns 
had but extremely small amount of surplus housing capacity, the 
dire need for these temporary quarters can be seen. In addition. 
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accommodations had to be made for the families of a large number 
of this force, which brought the population of Muscle Shoals to 
over 25,000. 

The temporary construction included 1,376 temporary buildings 
for housing, a temporary boiler plant having a capacity of 1,000 
horsepower, a power house of 300 kilowatts capacity, with necessary 
distribution, three puniping stations and a distributing pumping 
station of a capacity of 2,000,000 gallons of water per day, a com- 
pressed-air plant, machine shop, carpenter shop, sheet-metal shop, 
and a garage maintaining and operating at one time 75 automobiles 
and 43 trucks. 

The first permanent work started was by the J. G. White Engineer- 
ing Corporation on the power house during the end of January, 
1918. That corporation's representative at the outset arranged to 
do the work by using the minimum number of men. To this end he 
made plans the first thing for all the necessary labor-saving machinery 
possible, and the work started off excellently. 

While the months of January and February were extremely poor 
for construction, ideal weather prevailed during the spring, and the 
first rainstorm heavy enough to stop work since 6arly in March 
occurred on May 5. Very material progress was made during this 
time. 

Building and equipment foundations had progressed so favorably 
since the breaking of ground for the first permanent manufacturing 
building in February that the installation of the permanent manu- 
facturing equipment started on April 30 in the nitric acid building. 
This was closely followed by the limekilns and equipment, installa- 
tion of which was started on May 5, and following in rapid succes- 
sion the autoclave and process boiler house equipment on May 13, 
the liquid air on May 21, the lime-nitrogen mill on May 23, and so 
on, until the end of August found installation of equipment progress- 
ing in all divisions of the process. 

By the latter part of October, 1918, such progress had been made 
as to warrant operation of the plant at one-fifth capacity. Con- 
struction had been so carried out as to render a complete line through 
the whole plant available for operation at once. 

In the meantime, while construction of the river power house was 
progressing as swiftly as could be expected under the circumstances, 
greater trouble than had been anticipated was experienced in getting 
down to solid bedrock for foundations, causing a much larger quan- 
tity of excavation than had been estimated and so delaying the date 
of availability of power. It was early seen that the plant could not 
be operated before several months after its readiness for starting up 
on power from this station. 
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However, although work on the Warrior extension was not pro- 
gressing with the hoped-for speed, the 89-mile transmission line 
started in January, 1918, was completed on May 23, 1918, eight days 
before scheduled time and assured starting up power. Some delay to 
the Warrior extension was caused by the inability of the electrical 
committee of the War Industries Board to immediately " clear " the 
required turbo-generator, while the largest factor was labor condi- 
tions, weather conditions, and engineering and construction miscal- 
culations. 

By the 1st of Augiust, 1918, construction of the turbo-generator 
foundations was practically completed and the General Electric Co.'s 
erector arrived on the job August 5 for the purpose of superintending 
the erecticm and tuning up of the 30,000 kilowatt turbo-generator. 
Erection of this generator started on August 16 and proceeded 
through the rest of that month, the month of September, and up to 
October 20, when it was ready to be turned over. 

On September 25 the boiler house was fired, and by October 5 six 
boilers had been put to use. ^ 

On October 27 the turbine was ready for steam to be furnished, but 
due to inability to secure and hold the necessary vacuum it was not 
until November 14 that the turbine was actually turned over, and 
then for only 10 minutes, transformer trouble causing the shut- 
down. From this time until December 29 numerous attempts at 
operation were made without satisfactory results. However, be- 
tween December 29 and January 3, 1919, inclusive, the turbine 
operated satisfactorily with a load of up to 30,000 kilowatts, and 
between January 11 and February 1, 1919, the first Government 
boiler house and turbine were operated to supply power for the test 
run of United States Nitrate Plant No. 2. 

While this was in progress, the Air Nitrates Corporation was 
ready for and received 2,000-kilowatt service at 44,000 volts over 
the newly completed transmission line on July 1, 1918, with con-, 
tinuous service from then on for construction and operating purposes. 

Practically indispensable aid was rendered by the various com- 
mittees of the War Industries Board in securing the necessary ma- 
terials and equipment for the plant. This included, among numer- 
ous other materials, cement, lumber, steel, all manner of electrical 
and steam-generating equipment, locomotive cranes, acid-proof iron, 
copper bus bars, copper and brass tubing, etc. 

For operation, allocation of contracts for the necessary supply 
of coal and coke were made through the Fuel Administration, which 
agency was not only instrumental in effecting these contracts but 
also assumed responsibility for their fulfillment. 

The other raw material required for operation was limestone 
crushed to li to 2 inches. To secure this material, the Air Nitrates 
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Corporation entered into a contract, dated January 16, 1918, with 
Foster & Creighton, operators of Rockwood quarry, a limestone 
quarry and crushing plant about 26 miles distant. There was be- 
ing installed at this quarry an additional crushing and screening 
plant. 

In the latter part of March, 1918, however, it became apparent that 
a better and more certain source of limestone must be found. Ac- 
cordingly investigation of the northwestern part of Alabama, south 
of the Tennessee River, was undertaken, with the result that a site 
known as Hill property, later called Waco quarry, 6 miles east of 
Russellville, Ala., was selected as best filling all conditions. 

In the meantime the Air Nitrate Corporation had stationed a 
quarry engineer at Rockwood to aid in the production of stone which 
began on July 1, 1918. Delivery was to be made at the rate of 500 
tons per day from July 1 to December 31, 1918, and 1,000 tons per 
day starting January 1, 1919. 

It became apparent during the first two weeks of operation, how- 
ever, that the plant and equipment inst|illed was totally inadequate 
and would not even approximate this tonnage. Accordingly, the 
quarry was taken over by the Government upon the approval of the 
War Industrial Board, and additional equipment installed. In this 
way, although the amount of stone contracted for was not delivered, 
a sufficient supply for operation and reserve was on hand at the time 
of the deferred starting up of the plant to insure no interruption. 

The Waco quarry site was now being actively prospected and 
orders placed for the necessary equipment. Actual purchase of the 
parcels of land making up the 440 acres of this site was not started, 
however, until after the authorization by the Assistant Secretary of 
War on January 4, 1919. The equipment previously ordered was 
placed in storage at Muscle Shoals. 

The actual operation of the nitrate plant may be said to have 
commenced at the time the electric current was first turned on in the 
carbide furnaces, which took place at 12.02 p. m., October 26, 1918. 
On October 23, 1918, the first air compressor was started in the liquid- 
air plant. The first nitric acid was produced at 1.30 a. m., November 
19, 1918, and the first ammonium nitrate at 3.20 a. m., November 25. 
Thus one month elapsed from the beginning of the carbide manu- 
facture to the time of production of the finished ammonium nitrate, 
and the first ammonium nitrate was produced just two weeks after 
the signing of the armistice. 

The finished product, ammonium nitrate, met all of the specifica- 
tions of the Inspection Division. This, together -with the manner 
in which each step in the process was carried out, was a great satis- 
faction, as it justified the judgment of the Government in the selec- 
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tion of the process for the production of ammonium nitrate for war 
purposes at least. 

The signing of the armistice removed the pressing need for am- 
monium nitrate for war purposes. Accordingly a conference was 
held in the office of the Assistant Secretary of War on November 19, 
1918, to determine upon a program to be followed in connection 
with the United States nitrate plants. 

At this conference it was decided that plant No. 2 was to be com- 
pleted and to be operated sufficiently to demonstrate its capacity and 
efficiency. Additional expenditures at the plant of an investment 
character were to be limited to facilities required for the plant solely 
in connection with its use for war purposes. This was included in a 
memorandum signed by the Assistant Secretary of War, Director 
of Munitions, on December 2, 1918. 

Construction therefore continued, but with reduced forces limited 
to the conditions of the 8-hour law and the avoidance of overtime. 
This condition delayed the completion of the plant to the late spring 
or summer of 1919. 

The completed plant comprised 306 permanent buildings, of 29 
acres of ground space, and 1,387 temporary buildings, of 46 acres. 
The materials for these buildings and their contained equipment 
were unloaded from over 18,000 freight cars, which contained, 
among other materials, 12,000 tons structural steel, 2 jO,000 barrels 
cement, 45,700,000 board feet of lumber, and 6,000,000 brick. 

The test to demonstrate the capacity and efficiency of the plant 
by operating two complete lines * (one-fifth plant capacity) was 
started midnight of January 11, 1919. Each department of the 
process was given a two weeks' run by the Air Nitrates Corporation 
under the direct supervision of the Government force stationed 
there. 

In general the several departments of the plant performed their 
functions satisfactorilj-. It was to be expected that in a plant of 
such magnitude, and especially in one in which processes are em- 
ployed that have never before been used on a commercial scale in 
this country, it would be found that certain alterations and im- 
provements would be necessary. But even these were few and none 
such as would cause cessation of operations. 

The apparatus and equipment was found to have a capacity equal 
to and in many cases in excess of its requirements. 

In all there was produced some 2.200 tons of lime nitrogen re- 
maining as such and 1,700 tons of ammonium nitrate. 

At the completion of this test preparations were made for main- 
taining the plant in indefinite idle stand-by. All equipment was 
cleaned of its accumulation of materials of operation; bearings and 
shafts were heavily greased; water lines broken at the various 
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pieces of equipment to insure drjmess; destructable gaskets removed; 
elevator chains painted with heavy oil; belts removed, coated with 
neat's-foot oil or powder, as their nature required, rolled, and 
stored, etc. 

Power for this test was supplied by the Government's Warrior 
extension, through the transmission line, as the river power plant 
vas still under construction. 

Progress on the river power house generating station was also 
curtailed by the reduction in force and 8-hour law, and was not ready 
for full operation until August, 1919. 

Beginning September 10, 1919, and continuing until October 30, 
1919, the complete station, excepting the low-pressure east turbinf 
(which early developed a rubbing between blades and blade rings), 
was operated under varying conditions of load up to 33,000 kilowatts, 
the capacity of the Warrior-Muscle Shoals transmission line, over 
which energy was delivered to the Alabama Power Co.'s system. 

The results obtained during the period indicated that the manu- 
facturers had fulfilled their guaranties of operating efficiencies, but 
that improvement was necessary in the construction of the low- 
pressure turbine to eliminate the danger of contact and rubbing 
between revolving and stationary parts. 

Following the completion of this test run the Westinghouse Elec- 
tric & Manufacturing Co., which furnished and installed the main 
turbine unit, rebuilt the two low-pressure rotors which form parts 
of it, refitted the stationary blade rings, and after exhaustive check 
measurements, all at the expense of the company, placed the turbine 
in condition for operation and further test. 

On June 22, 1920, a contract was entered into with the J. G. White 
Engineering Corporation by the United States under which that cor- 
poration undertook to supply all labor, fuel, miscellaneous supplies, 
etc., and conduct the test of the reassembled turbo-generator. 

The J. G. White Engineering Corporation in turn entered into a 
contract with the Westinghouse Electric & Manufacturing Co., dated 
June 22, 1920, under which the latter agreed to furnish the specially 
trained personnel required to condition and operate the turbo-gen- 
erator, its auxiliaries, etc., and the necessary superintendence. 

The first boiler was fired on July 20, 1920, and steam supplied for 
the operation of both of the 2,500-kv.~a. house turbines on July 23. 
The remaining 11 boilers were successively conditioned and fired as 
required. 

The plant was regularly put into operation October 1, 1920, and 
the supply of energy to the Alabama Power Co., with which com- 
pany arrangements had been made to purchase the power generated, 
commenced at 11 p. m. that date. 
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Operation continued up to and including November 8, 1920, dur- 
ing which time a total of 9,170,170 kilowatt hours of power was sold 
to the Alabama Power Co. 

The sole object of the test was to demonstrate the effectiveness of 
the repairs and adjustments to the 60,000 kilowatt turbogenerator 
by subjecting the turbine to such operating conditions as are usually 
encountered in the commercial operation of large central stations. 
All other main features of the plant had been satisfactorily proven 
out during the test run in the fall of 1919. 

The maximum load carried during the test was 33,000 kilowatt^, 
which maximum was governed solely, as in the case of the previous 
test run, by the capacity of the Muscle Shoals substation and the 
89-mile 110,000-volt transmission line to Gorgas, where the Alabama 
Power Co. distributed the energy purchased by it. 

It was not possible, therefore, to load the turbine unit to its rated 
and overload capacities of 60,000 kilowatts and 70,000 kilowatts, 
respectively, but the satisfactory results obtained during single and 
combined operation of the individual elements indicated clearly that 
no fears need be entertained for the equally satisfactory operation of 
the unit as a whole and under the full and overload conditions speci- 
fied in the contract. a^ 

The total gross cost of these projects kno-wn as United States 
Nitrate Plant No. 2 was $75,181,528.41, made up of $69,022,669.20 for 
Plant No 2 proper; $4,979,782.22 for the Warrior Kiver station, 
transmission line, and substations; and $1,179,076.88 for the Waco 
quarry. 

Of the $69,000,000 for Plant No. 2 proper, $51,894,360.31 was for 
the permanent manufacturing buildings, including $12,627,103.80 
for the river power house; industrial village and permanent quar- 
ters, $2,753,014.91 ; auxiliaries, such a^ roads and walks, sewers, water 
system, and reservoir, railways, trolley line, fencing, telephone, etc., 
$5,006,044.35 ; the remainder being expended for temporary quarters 
and facilities and miscellaneous items. 

The Warrior Biver project expenditures were made up of $i^,4l7,-^ 
702.70 for the Warrior generating plant, $573,600.34 for the Warrior 
and Muscle Shoals substations, $938,057.35 for the transmission line, 
and $50,421.94 for the Drifton Branch Railroad. — 

During the spring and summer of 1919 the report of the operating 
test of the plant conducted during January, 1919, was given serious 
study. Where operation had not proceeded smoothly tentative re- 
designs or rearrangements were laid out, such as would render 
United States Nitrate Plant No. 2 effective as a military establish* 
ment. 
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Prospecting of the Waco quarry was also continued, and a quarry 
and crushing plant tentatively laid out and designed. 

Estimates for the cost of making these corrections and additions 
and constructing the quarry totaled $1,250,000. On November 1, 
1919, Mr. Glasgow, who was leaving this country, recommended that 
$1,250,000 be appropriated to carry out this work. This recommenda- 
tion w^as approved February 3, 1920, b}^ the Secretary of War. 

The commanding officer of plant No. 2 was now directed to imme- 
diately start work on a number of the minor corrections, including 
new drives for lime nitrogen silo conveyors, new autoclave acetylene 
Outlets, gauges and agitators on certain tanks, provisions for remov- 
ing dust from certain pieces of equipment, completion of some un- 
finished electrical work, construction of walkways at various pieces 
of equipment, etc. 

General designs were also made up for the remaining work, which 
consisted of the installation of a new coal dryer, a coal conveyor to 
the coke dryer, and installation of other mechanical equipment, the 
raising of the raw-material unloading and storage trestle to an ele- 
vation 10 feet higher, the construction and erection of an ash-disposal 
system* for each of the river power plant and process steam plant, 
construction of roads and a drainage system, and the Waco quarry 
and crushing plant. 

These designs were then submitted to the construction service of 
the office of the Quartermaster General, which service got out de- 
tailed drawings, wrote up specifications, let contracts, and supervised 
the carrying out of the terms of the contracts. All contracts had been 
awarded by June 30, 1920, and work started at once. 

The Waco quarry project was the largest single item of this work. 
Contract for the job was awarded to the Arthur G. McKee Co., of 
Cleveland, Ohio, at a final contract price of $533,006.60. However, 
as previously noted, much of the equipment had been purchased dur- 
ing the year 1918 and at the signing of the armistice stored at United 
States Nitrate Plant No. 2. -This makes the total cost to the Govern- 
ment for this quarry and crushing plant of 2,000 tons crushed lime- 
stone per day capacity $1,179,076.88. 

At the completion of the job on June 14, 1921, the crushing plant 
was given an idle operating test, which proved to be very successful. 
The plant has been maintained in idle stand-by since. 

With the return of the military and agricultural commissions from 

Europe in the late summer of 1919,^ the investigations looking toward 

XI the future of plant No. 2 had reached conclusions which, imder date 

•^ of October 22, 1919, in a letter addressed to the Secretary of War 

by Mr. Glasgow, were interpreted into definite recommendations re- 

* See VII, D, U. S. Fixed Nitrogen Commission, p. 310. 
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garding the disposition of United States Nitrate Plant No. 2 at Muscle 
Shoals. 

The war had demonstrated beyond dispute that no nation is safe 
which is dependent upon a foreign supply of nitrogen. The Govern- 
ment possessed the United States Nitrate Plant No. 2, a proven source 
of 40,000 tons per year of nitrogen fixed in the form of 110.000 tons 
of ammonium nitrate, but no longer had a demand for this product. 
The question of how to retain this emergency preparedness throughj^ 
peace times, therefore, was reduced to two considerations: One, the 
maintenance of the plant in idle stand-by; the other, the utilization 
of the plant for the commercial production of fertilizer materials. 

To carry out the first scheme there would be required a small 
maintenance force continually going over the plant, the expense of 
which would be a dead loss to the Government. It was estimated 
that proper maintenance would require the expenditure of $200,000 
per year, and that even with this expenditure the plant would gradu- 
ally become obsolete. 

While the commercial production of fertilizer would entail an 
initial investment for the installation of additional buildings and 
equipment, this would be rather small and would eventually not only 
save to the Government the cost of idle maintenance but would also 
be a source of income, and at the same time insure the readiness of 
the plant and a trained personnel for a war emergency. 

Study showed that the plant would lend itself very readily to the 
production of a number of fertilizer materials. By the addition of 
a hydrating plant quite similar to the one at present installed, lime 
nitrogpn as it comes from the mill room could be oiled and hydrated 
so as to render it usable as a fertilizer. This additional plant would 
cost about $250,000 and would have an annual capacity of 220,000 
tons of material. The new equipment would consist principally of 
a cut flight conveyor fitted with water and oil sprays. A building 
for storing this product would also be required. 

The present final product for which the nitrate plant is designed 
is grained ammonium nitrate. This material is too liable to cake 
and too deliquescent to be very satisfactory in mixed fertilizers. 
However, by the expenditure of a few thousand dollars for oil con- 
tainers this product can be coated in the present grainers, render- 
ing it suitable for use as a fertilizing material. 

The material which must perhaps be the main output of the plant 
at first is ammonium sulphate. This is a standard material and can 
be readily absorbed in mixed fertilizers and used to some extent as 
a top dressing. To produce this at the Muscle Shoals plant, it would 
be necessary to erect a neutralizer plant consisting of saturators in 
which ammonia gas from the autoclave building is passed through 
weak sulphuric acid, drain tables for the building up of crystals. 
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centrifuges for wringing out the greater part of the liquor, and 
dryers for drying the material to 1 to 2 per cent moisture. A build- 
ing for storing, bagging, and shipping the finished product would 
also be required. Sulphuric acid can either be purchased outside 
and stored in a storage plant, which would have to be erected, or 
produced at the site by the contact sulphuric acid units now in 
storage there. 

One of the most attractive possibilities is that of producing ammo- 
nium phosphate, which, with cheap phosphoric acid, would be the 
ideal material. The same plant used for the production of ammo- 
nium sulphate can be used for ammonium phosphate. Phosphoric 
acid for this product would have to be that as produced in the elec- 
tric furnace to be cheap enough to permit ammonium phosphate to 
compete with other fertilizers. This would require the erection of 
an electric furnace phosphoric-acid plant. 

Another possibility is that of mixed salts. The double salt of 
ammonium nitrate and ammonium sulphate, which is being manu- 
factured on a considerable scale in Germany, although not as con- 
centrated a fertilizer as ammonium nitrate, is a relatively concen- 
trated fertilizer substance and is considerably less hygroscopic than 
ammonium nitrate. Besides a plant for the production of ammo- 
nium sulphate, there w^ould be required a series of mixing tanks, 
evaporating pans, and centrifuges. The cost of this material per 
ton of contained nitrogen, however, would be less than for grained 
and oiled ammonium nitrate. The mixed salt of nitrogen and potash 
is a nondeliquescent salt possibility, produced by the double decom- 
position of ammonium nitrate with potassium sulphate or with potas- 
sium chloride. These materials could be manufactured in the same 
equipment suggested for the production of the double salt of ammo- 
nium sulphate and ammonium nitrate. They are highly concen- 
trated fertilizers, containing both nitrogen and potash and are of 
excellent physical quality, provided potash of good grade is used. 

Urea, a material at present produced in Germany for export to 
America, while too costly of production at present to be used as a 
fertilizer, is used in the manufacture of celluloid and could quite 
readily be produced at United States Nitrate Plant No. 2. 

Besides these there are other possibilities, chief among which are 
dicvanodiamide and nitroffuanidine. 

It was, therefore, decided that the only way to secure that the 
nitrate plants shall be always immediately available for most effi- 
cient military service, and for most efficient and economical exten- 
sion in case of need, is to operate them continuously, whether in peace 
' or war. As the river power plant had capacity to operate the plant 
at 80 per cent capacity, or eight carbide furnaces, and inasmuch as 
power brought from the Warrior station was unduly expensive, op- 
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eration of the nitrate plant until the advent of cheap hydroelectric 
power from the Wilson Dam was recommended by the fixed nitrogen 
administrator at 80 per cent capacity as follows: Four furnaces (or 
40 per cent of plant capacity) for the manufacture of 86,000 tons of 
ammonium sulphate per year; one furnace (or 10 per cent of plant 
capacity) for the yearly manufacture of 22,225 tons of dry cyana- 
mide, making 24,445 tons of hydrated and oiled cyanamide; two 
furnaces (or 20 pdr cent of plant capacity) for the manufacture of 
22,000 tons of ammonium nitrate; one. furnace (or 10 per cent of 
plant capacity) for the manufacture of cyanamide, ammonium sul- 
phate, ammonium nitrate, or intermediate product according to de- 
mand. 

To accomplish this it would be necessary to erect and equip a 
plant for oiling and hydrating 200 tons per day of cyanamide, for 
producing 300 tons per day of ammonium sulphate, storage and 
bagging facilities for all products; acid storage of 20,000 tons ca- 
pacity, purchase tank cars, shipping containers, sidings, etc., at the 
total estimated cost of $3,000,000. 

In addition there would be required a working capital for raw 
materials, supplies, etc., of $6,600,000 and a general-purpose fund of 
$2,500,000, or a grand total required of $12,100,000. 

It was further recommended that these operations should be car- 
ried out by a corporation which should be formed to take over all of 
the fixed-nitrogen assets of the War Department, and to perform all 
of the duties of administering these plants and funds in peace time, |/ 
while continually enhancing their military value. ^ 

To this end there was introduced to the Senate on November 3, 
1919, by Senator Wadsworth a bill, S. 3390, entitled "An act to pro- 
vide further for the national defense; to establish a self-sustaining 
Federal agency for the manufacture, production, and development 
of the products of atmospheric nitrogen for military, experimental, 
and other purposes; to provide research laboratories and experi- 
mental plants for the development of fixed-nitrogen production; 
and for other purposes " ; and a similar bill, H. E. 10329, to the 
House of Representatives on November 1, 1919, by Representative 
Kahn. 

These bills were referred to the Senate Committee on Agriculture 
and Forestry and the House Committee on Military Affairs, respec- 
tively. 

Extensive hearings were held by the Senate committee between 
March 22 and April 28, 1920, and in June this committee recom- 
mended the bill favorably to the Senate in session. Congress ad- 
journed, however, the end of June before a vote had been taken. 

During the first part of January, 1921, the third session ^of the 
Sixty-sixth Congress, this bill, S. 3390, came up for debate of the 
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Senate in session, and on January 13, 1921, the bill quite materiallj 
amended was passed by the Senate and sent to the House of Bepre- 
sentatives, which body on January 15 referred it to the Committee 
on Military Aflfairs. 

The Sixty-sixth Congress adjourned sine die on March 4, 1921, 
with the bill never having been reported out of the committee. 

In the meanwhile hearings on H. R. 10329 were held by the Mili- 
tary Aflfairs Committee on April 19, 1920, but this bill was never 
reported out and, like its sister bill S. 3390, " died in committee." 

A test on these bills was made in Congress during the latter part 
-^f February, 1921, in connection with a Senate amendment to the 
sundry civil appropriation bill, which would appropriate $10,000,000 
for the continuation of construction of the Wilson Dam which would 
make available cheap hydroelectric power for the operation of the 
nitrate plant. This amendment, however, was removed in conference. 

By this time complete process and construction designs and details 
of a plant for the manufacture of 86,500 tons per year of ammonium 
sulphate had been made, as had also plans and designs for facilities 
for storing 20,000 tons of 60° Baume sulphuric acid ; for the oiling 
and hydrating of calcium cyanamide; and for the erection of the 
four contact sulphuric acid units of a combined capacity of 240 tons 
of 100 per cent sulphuric acid per day which had been dismantled 
at the Old Hickory powder plant,' near Nashville, Tenn., and placed 
in storage at United States Nitrate Plant No. 2. 

In working up a design for the sulphate of ammonia plant the fact 
was kept in mind that it might later be desirable to manufacture 
phosphate of ammonia as well. Accordingly the equipment was so 
designed as to be, with very small change, utilizable for the produc- 
tion of ammonium phosphate, and, further, this equipment was ar- 
ranged into four units, each capable of independent operation, and 
also so arranged that ammonium sulphate and phosphate could be 
produced at the same time. The estimated cost of this project, to- 
gether with sulphate storage, bagging, and shipping, was $1,360,000. 

The Warrior station, in accordance with privileges granted the 
Alabama Power Co. in the original contract, is now being operated 
by that company for its own purposes at a return to the Government 
of li mills per net kilowatt hour of energy produced by the con- 
tractor at the Warrior extension and measured at the Warrior ex- 
tension switchboard. 

The United States Nitrate Plant No. 2 is now, with the exception 
of the Warrior station and the plant auxiliaries, such as the water 
and sewerage systems and equipment necessary for proper main- 
tenance, being maintained in idle stand-by under periodic inspec- 
tion by a mechanical engineer in private practice, and is, therefore, 
available for practically immediate emergency use. 
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a, Wilson Dwm. — Carried with the thought of nitrate plants there 
was ever present the thoiight of cheap hydroelectric power, and this 
thought was more or less concentrated on the Tennessee River. 

Surveys and studies of the Muscle Shojtls section of the Tennessee 
Kiver had been made and reported as early as 1828. These reports, 
however, were looking toward the rendering of the river navigable 
by means of canals. But in 1907 the Corps of Engineers rendered 
its first report on the development of this water power by means of 
dams. This and the several subsequent reports dealt with the com- 
bined power development and navigation improvement. 

In its report of January 20, 1917, the committee of scientists and 
engineers selected by the president of the National Academy of 
Sciences at the request of the Secretary of War recommended that 
the Government should provide for the development of processes 
for the fixation of atmospheric nitrogen on as large a scale as pos- 
sible by developing at a suitable location as much hydroelectric 
power as possible with the appropriation available. 

Thi3 referred to the $20,000,000 appropriated by the President 
under " section 124, nitrate supply," of the national defense act. 

Accordingly, on November 16, 1917, an allotment of $500,000 was 
made the Chief of Engineers for the acquisition of necessary lands 
and for the beginning of construction of Lock and Dam No. 2 at 
Muscle Shoals, and on February 23, 1918, an additional allotment 
of $12,630,000 was made for the completion of this lock and dam. 

However, due to the extreme stringency of the labor and material 
and supply markets, and in consideration of the fact that in all 
probability power from this source would not be available for the 
then present emergency, the estimated time of completion being from 
four to five years, actual construction was deferred early in th^ 
spring of 1918 until more opportune conditions should prevail. ^ 
Almost immediately upon the signing of the armistice, therefore, 
work was resumed on a large scale. 

The dam, which is to be nearly a mile in length, will create a head 
varying from about 70 feet at extreme high stages of the river to 
about 100 feet at extreme low stages, with a normal head of 95 feet 
throughout the greater portion of the year. 

Four generating units, each of 20,000 kilowatts, driven by four 
30,000-horsepower hydraulic turbines, are under construction. The 
installation of additional power units, up to a total of about 500,000 
horsepower, is under consideration. From a careful study of the 
flow of the stream over an extended period of time, it is estimated 
that of this power generated there will be 87,300 primary horse- 
power, with 63,700 secondary horsepower, available for 10 months 

100676*— 22 ^20 
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of the year, an additional 1^,600 horsepower available for 6 months, 
and the remainder for shorter periods dependent upon river con- 
ditions. 

By early 1921 quite material progress had been made, and of the 
$17,000,000 available nearly $12,000,000 had been expended, necessi- 
uting, therefore, an additional appropriation for continuance of 
construction. 

To care for this there was placed into the «undry civil appropria- 
tion bill, 1922, Senate amendment No. 60 : " Nitrate plants. — For con- 
tinuing construction of locks, dams, power house, and appurtenances 
authorized by the national defense act, approved June 3, 1916, 
$10,000,000." 

This amendment was, however, removed in conference, and Con- 
gress adjourned without any provision being made for continuing 
the construction of the Wilson Dam. 

By May, 1921, with the project approximately 35 per cent com- 
plete, practically all progress had been discontinued. 

On the north shore there were the main offices, the housing for the 
military and technical and executive civilian employees, and quarters 
for about half of the labor force. This end of the dam showed such 
progress as to permit of the removal of the cofferdam; in fact, some 
sections here had reaclied finished height. The southern end of the 
dam, while still below cofferdam, was nevertheless showing i^apid 
progress. 

The island midway between shores, and a part of which upon the 
completion of the dam will be submerged, was the site of the large 
crushing and mixing plant. The section of dam across this island 
had been poured to three-quarters its finished height. 

This then left an open channel to accommodate the flow of the river 
on each side of the island. 

There now r(miain6 at this project a small force of guards and care- 
takers. 

3. United States Nitrate Plants Nos. 3 and 4. 

The need for a greater supply of ammonium nitrate than had been 
provided by the projects of United States Nitrate Plant Nos. 1 and 2 
became manifest during late 1917 and early 1918. The war program 
as developed showed demands for explosives greatly exceeding the 
supply which could be relied upon, even after the provisions made 
by the erection of the large plant at Muscle Shoals. 

The successful operation of the German troops in France and the 
program for sending United States troops to the front made the 
demand for enormous supplies of explosives, while the success with 
which the German submarines were then operating and the shortage 
of cargo vessels available as sodium nitrate carriers from Chile made 
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it manifest that the explosive xiitrogen must be produced in our own 
country. The only source lor this was additional atmospheric ni- 
trogen fixation plants* 

At a conference on February 4, IQIS^ between Assistant Secretary 
of War, the Acting Chief of Ordnance, the Second Assistant Secre* 
tary of War, and Messrs. Baruch, Somers, and McDowell, of the 
War Industries Board, it wa^s decided that the 3ituation should be 
met by immediately starting on the erection of a pUjxt for the fixa- 
tion of atmospheric nitrogen and production of ammonium nitrate of 
a yearly capacity equal to the plant 2 project, or llO^OOO tons am- 
monium nitrate, this project to be carried out by the Nitrate Division. 

This decision was approved by the Secretary of War on February 
5, 1918. 

A survey of the process studies being condu<;ted was made, and the 
search for sites renewed. 

Meanwhile the Assistant Secretary of War, under date of March 
26, 1918, appointed the following to constitute a " nitrate committee," 
later changed tp " nitrate commission " : Dr. Arthur A. Noyes, chair- 
man ; Brig. Gen. Chas. B. Wheeler, Rear Admiral Ralph Earle, Dr. 
Chas. L. Parsons^ Mr, Leland L. Summers, Mr, Gaiio Dunn, Dr. 
Willis B. Whitney. 

This commission was introduced to " advise in negard to the con- 
struction of an additional plant for the production of nitric acid or 
ammonia." 

By invitation of the commission, its sessions were attended by 
Col. J. W. Joyes, Chief of Nitrate Division; Col. Odus C. Homey, 
representing the Surveyor General of Supplies; and by Measrs. Wal- 
ter Bobbins and Frederick Darlington, representing the priority and 
power committees of the War Industries Board. 

At this time, tlie latter part of March, 1918, the Germans had 
broken through the line at St. Quentin, emphasizing the need of 
haste. The small and rather experimental plant. United States Ni- 
trate Plant No. 1, employing the G^aieral Chemical Co.'s modified 
Haber process was not far enough advanced and would not be for 
four or five months to demonstrate that it would work. 

Accordingly, the commission sat immediately for the specific pur- 
pose of considering the emergency, and on March 30, 1918, presented 
a report in part, as follows : 

Resolved, That in view of the urgency for immediate decision the committee 
confine Itself in tlie Be]^ctlon of processes to h choice between the General 
Chemical Co.'s process and the American Cyanamld Co.'s process. 

Resolved, That in view of the present emergency and the necessity for ob- 
taining ammonia, the cost being secondary in the present emergency, the com- 
mittee recommends that the new nitrate project, known as project No. 3, be 
constructed and operated under tlie cyanamide process. 
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Pursuant to this recommendation, and urged to prompt action by 
the Secretary of War and by the chairman of the War Industries 
Board, negotiations were intiated with the American Cyanamid Co. 
looking to the construction of additional plant or plants of the aggre- 
gate capacity of the Muscle Shoals plant, 110,000 tons of ammonium 
nitrate per annum. By common consent this new agreement was to 
supersede that of November 16, 1917, and cover the construction and 
operation of not only the additional project No. 3, but also the 
original plant at Muscle Shoals. 

Negotiations were carried along for nearly two months under great 
pressure, diflSculty, and stress, and at a serious loss of valuable time. 
Progress was very slow. Finally, on June 8, 1918, after the Air 
Nitrates Corporation had been advised that a conclusion must be 
reached by 6 o'clock in the evening of June 8, the points of disagree- 
ment were finally settled and an agreement signed. 

This contract followed the contract of November 16, 1917, closely 
in many of its provisions, which seemed the only basis on which an 
agreement could be reached, but contained a clause to the effect that 
the agent should from time to time consult with the contracting offi- 
cer upon the general character of the work contemplated, which ivas 
intended to afford the United States the authority for exercising 
such control and direction of the operations of the Air Nitrates Cor- 
poration under the contract as the developments of the situation 
might necessitate. The contract also fixed the maximum fee to the 
contractor at $1,500,000. 

While these negotiations were taking place the search for a site 
revealed Kingsport, Tenn., as being the most opportune from the 
viewpoint of construction and supply of the necessary raw materials. 
This site was therefore recommended, but was objected to by the 
electrical committee of the War Industries Board on the ground that 
as the necessary power was not available in that vicinity it would be 
necessary to erect a 90,000-kilowatt generating station, the generator 
for which they would be unable to supply. It then developed that 
the Tennessee Power Co. had available enough power for half the 
plant, and it was recommended that plant No. 3 be built in two 
identical units, each of a capacity equal to one-half the Muscle Shoals 
plant, with unit 3-A situated at Kingsport and 3-B at Clinton, Tenn. 
Unit 3-B was to receive its power supply from the line of the Ten- 
nessee Power Co. 

This selection was not entirely satisfactory, however, and a further 
study of the power situation disclosed available power in Ohio and 
a site for 3-A, now known as United States Nitrate Plant No. 3, was 
selected and approved just outside of the city of Toledo, and 3-B, 
known as United States Nitrate Plant No. 4, at Broadwell, Cin- 
cinnati. 
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The condition which had developecj in connection with the con- 
struction work on No. 2 plant indicated clearly the importance of 
having the interests of the United States safeguarded through a 
competent and responsible representative thoroughly experienced in 
construction undertakings of an intricate character and on a large 
scale. Mr. Frederick L. Cranford after a study of the situation con- 
sented to undertake the supervision of the work involved in the com- 
pletion of No. 2 plant and the construction of plants Nos. 3 and 4. 
Mr. Cranford, although not formally appointed director of construc- 
tion until July, assumed his duties in June. 

The conditions pointed clearly to the importance of avoiding at 
plants Nos. 3 and 4 the mistakes of Plant No. 2, and a set-up was 
arranged by Mr. Cranford calling for a single responsible organiza^ 
tion at each plant, avoiding duplication of effort and divided re- 
sponsibility. 

Under date of July 31, 1918, a joint recommendation signed by 
Brig. Gen. R. C. Marshall, jr., in charge of the Construction Division 
of the Army, and Colonel Joyes, Chief of Nitrate Division, to the 
effect that in the completion of United States Nitrate Plant No. 2 
and in the construction of plants Nos. 3 and 4 the Construction Divi- 
sion of the War Department act for the Nitrate Division in mat- 
ters relating to construction, was approved by the Assistant Secre- 
tary of War. 

Accordingly, the construction quartermaster arrived on the prem- 
ises at Toledo on August 12, 1918, and immediately assumed charge 
of the construction of United States Nitrate Plant No, 3. 

The site for this plant embraced approximately 650 acres of the 
so-called Autokee, Navarre, and Wasajaw tracts, a flat peninsula- 
like property surrounded by the Maumee River and Duck and Otter 
Creeks. 

The president and chief engineer of the Bates & Rogers Construc- 
tion Co., of Chicago, retained as general contractors, arrived at tlie 
site July 29 and laid out plans for carrying out the work, which 
started almost immediately. 

The first construction materials to arrive, lumber and nails, were 
received August 8, and from then on an average of 37 cars per day 
were received and unloaded. 

This plant was to be similar in every respect except size to the 
No. 2 plant at Muscle Shoals. Because of its nearness to Toledo, 
however, it was not necessary to provide for an industrial village, 
and only about half of the construction force had to be housed, thus 
allowing of almost full attention from the outset to the permanent 
manufacturing plant. ' 
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The power for the plant was to be supplied by the Toledo Rail & 
Light Co. of Toledo to the extient of 40,000 horsepower and to be 
transmitted from their generating station Igcated within the city of 
Toledo, a distance of 4 miles, over a standard, steel-tower, high- 
tension transmission line. 

The Chemical Construction Co. was engaged under date of Octo- 
ber 30 1918, as in the case of plant No. 2, to design, erect, and con- 
struct the nitric acid recovery and neutralizing plants. 

The construction superintendent under this contract arrived Sep- 
tember 4, and by October 9 the work of acid-proofing the founda- 
tions was started, and the first masonry work October 14. The first 
construction materials for this work arrived September 20. 

Although handicapped somewhat by exceptionally rainy weather, 
excellent progress was made on the whole plant, and by the time of 
the signing of the armistice, November 11, practically all founda- 
tions for the permtoent buildings had been completed, 80 per cent 
of the equipment foundations and the superstructure of the carbide 
mill, lime nitrogen oven, lime nitrogen mill, machine and engine 
shop, blacksmith shop, woodworking shop, autoclave and filter build- 
ing and process steam plant either completed or practically so. 

The site of United States Nitrate Plant No. 4, later called Ancor, 
Ohio, is in the valley of the Little Miami River, some 10 miles above 
its junction with the Ohio River and 13 miles northeast of Cincin- 
nati. It lies on the east bank of the river and extends eastward to 
the hills about 5^ miles. 

This plant, with a capacity of 55,000 tons of ammonium nitrate 
per year, was to be an exact duplicate of plant No. 3 at Toledo. 

Contract for the general construction was awarded, under date of 
July 26, 1918, to the George A. Fuller Co., of New York, and, as in 
the case of plants Nos. 2 and 3, the construction of the nitric acid 
recovery and neutralizing plants was placed with the Chemical Con- 
struction Co. This contract was dated July 27, 1&18. 

The labor requirements for the construction of this plant were 
estimated at 10,000 employees, and owing to the distance from the 
labor market it was deemed necessary to provide housing facilities 
for at least half of these. Great difficulty was experienced, however, 
in recruiting the necessary labor, and by October 23, 1918, the labor 
peak of 5,183 was reached. 

Construction of this plant may be said to have begun on July 6, 
1918, when the work of running land lines and taking topography 
was started. 

On August 8, 1918, construction of a pontoon bridge across the 
Little Miami was started to connect the plant site with the C. M. & L. 
Interurban traction line. On August 15, 1918, the first labor train 
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on the PennsylTania Baihroad was rvn from Cincinnati to the plant 
site. Between thiis dale and December 28^ 1918, a total of 352,991 
workmen had been transported. 

On August 18, 1918, the eonstructing quartermaster reported and 
immediately asBumed his duties. The first work on the manufac* 
turing plant started on August 28, with the excavation for the ab- 
sorption building. On September 6 the pouring of the footings for 
this building was started. 

A campaign for labor was inaugurated on October 3, 1918, and 
vigorously prosecuted by the constructing quartermaster, with the 
aid of Mayor Galvin, of Cincinnati ; Judge Lenders, of the probate 
court of Hamilton County; and others. This campaign showed good 
results, but by October 9, 1918, the total employees were only about 
50 per cent of requirements. 

At the time of the signing of the armistiee foundations for all the 
permanent buildings were well tinderway and near ing completion, 
while structural steel for the autodlare and filter building and for the 
absorption building was all erected and bolted in place. The machine 
shop, blacksmith i^op, and woodworking shop were entirely com- 
plete, with the exception of the installation of the electrical equip- 
ment. The whole project at this date was 18 per cent completed. 

Upon the signing of the armistice all construction on these projects 
was discontinued, and the memorandum from the Assistant Secretary 
of War — Director of Munitions — dated December 2, 1918, and which 
directed that plant No. 2 be completed and operated sufficiently to 
demonstrate its capacity and efficiency, also directed that plants Nos. 
3 and 4 were not to be completed as ammonium nitrate plants ; that 
certain smaller buildings on which considerable work had already 
been done were to be completed for storage purposes. Work on all 
outstanding subcontracts for building materials, machinery, and 
equipment was ordered discontinued, and negotiations for the adjust- 
ment of all claims arising from the suspension of such contracts were 
entered into. 

The total gross expenditure for plant No. 3 was $7,193,670.30, while 
the gross cost of plant No. 4 was $7,321,373.17, 

These plants were eventually transferred to the Ordnance Depart- 
ment Salvage Board, and the materials, with the exception of a few 
buildings retained for storage purposes, disposed of. 

The early summer of 1918 found the probable supply of nitrates 
still behind the demands as estimated for the year 1920, and on 
August 2 and again on August 15 the Assistant Secretary of War 
requested the nitrate commission to consider additional sources of 
supply. 

Accordingly this commission rendered a report under date of 
August 24, 1918, recommending, among other things, that the Ni- 
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trate Division actively supervise and assist in the development of 
the cyanide processes of the Air Reduction Co. and the Nitrogen 
Products Co. ; that there be established in the vicinity of Washington 
a nitrate experiment station under the control of the Nitrate Division, 
in which laboratory experiments could be made and processes for 
the manufacture of nitrogen products be tested and developed on a 
semi-industrial scale ; that the construction of new fixation plants of 
a total capacity equal to that of the combined capacity of plants 
Nos. 2, 3, and 4, as recommended and urged by the chairman of the 
War Industries Board, be held in abeyance pending results of the 
synthetic process of the General Chemical Co. and the British Gov- 
ernment, the cyanide processes of the Nitrogen Products Co. and of 
the Air Reduction Co., and the nitride process of the Aluminum 
Co. of America. 

Under date of September 3, 1918, these recommendations were 
approved by the Acting Secretary of War. 

Events in Europe soon indicated, however, that the construction 
of further fixation plants would be unnecessary, and even before the 
signing of the armistice the project had been abandoned. 

4. United States Chemical Plant No. 4. Saltville. Va. 

In his report of January 27, 1917, previously mentioned, the chief 
chemist of the Bureau of Mines made mention of the cyanide process 
for fixing nitrogen. He reported that, while that process was not yet 
a commercial success, it had great possibilities. He again adverted 
to this process in his report of April 30, 1917, mentioning a proposal 
as made by the Nitrogen Products Co. for the use of their cyanide 
process by the Government, and recommended that $200,000 be set 
aside for active experimentation on a large scale on the cyanide 
process, this experimentation to be conducted at Saltville, Va., at the 
site of the then present plant of the Nitrogen Products Co., where 
nitrogen, soda, and coal were available. 

During the summer of 1917 reports from the French and English 
field laboratories showed the desirability of cyanide compounds in- 
cident to gas warfare, and in October the French High Commission 
appealed to the Uijited States for aid. As a result of the study fol- 
lowing this appeal the Secretary of War, on November 26, 1917, ac- 
cepted a proposition of the Secretary of the Interior and authorized 
him to proceed with the erection of a plant to produce 10 tons per 
day of sodium cyanide by the Bucher process. 

An appropriation of $750,000 was made available on December 27, 
1917, and the design was started on January 2, 1918, in Washington, 
under the immediate direction of the chief chemist of the Bureau of 
Mines, for the trench warfare section of the Ordnance Department. 
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The rights to the use of the Nitrogen Products Co.'s Bucher process 
had been obtained, although the contract between the Chief of Ord- 
nance and this company was dated as late as February 28, 1918. 

The site, Saltville, Va., besides having been recommended by Doc- 
tor Parsons, was urged and demanded by the Nitrogen Products Co., 
first, because of the waste nitrogen which they agreed to furnish free, 
and, second, because that company refused to allow the Government 
to use their process, except by commandeering, at any other site; 
thus insuring that it would not be erected near a competitive process. 
Although other sources of nitrogen were available elsewhere, it was 
not the policy of the Chief of Ordnance to commandeer, and this 
place was selected. 

The supply of free waste nitrogen, however, did not materialize, 
and it was necessary for the Government to install nitrogen columns 
of the Claude process. The selection of this site further proved to be 
unfortunate because of the local railroad facilities and the general in- 
accessibility of the locality to the machinery producing and other 
markets. 

Saltville is in Smythe County, Ya., in the heart of the mountains 
of southwest Virginia, 1,700 feet above sea level. The town, which 
has a population of 2^000, is owned and controlled entirely by the 
Mathieson Alkali Works, parent organization of the Nitrogen Prod- 
ucts Co. As there were no quarters available for Government em- 
ployees in this town. Doctor Wilder, of the Southern Gypsum Co., 4 
miles distant, in a spirit of cooperation, provided quarters for some of 
the force at the Gypco Inn until Government quarters at the site 
were available. 

The construction of this plant was placed with the Construction. Di- 
vision of the Army, which division, under date of February 25, 1918, 
entered into contract with Fraser, Brace & Co., of New York, for the 
general construction and installation of plant and equipment. 

The constructing quartermaster assigned to this job on February 3 
visited the site, the following day returning to Washington to aid In 
the design and expediting of construction materials and plant equip* 
ment. He took up his station at Saltville on March H. 

Construction started on March 6, and on March 19 the spur track 
to the site had been placed and ready for use. A second spur was 
completed on March 22, and materials at the rate of 5 cars per day, 
increasing to 26 per day, were received. 

The first structures to be erected were barracks for use as quarters 
for the contractor's force. This was followed by grading the manu- 
facturing site, which, because of the heavy rains, showed slow prog- 
ress and was not completed until May 9. 

Although labor was extremely scarce, it entered into the spirit of 
nesessary speed, and the ball mills and dry mixers in the mechanical 
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preparation building were turned over to the commanding officer and 
were put into operation on September 10. The first nitrogen column 
was completed and started operation on September 13, at which time 
the balloon and booster pumps were completed. The gas producers 
were placed in operation on September 16, followed by six banks of 
furnaces on the 20th, thus completing a cycle. The various utili- 
ties — steam, electrical, water, and sewerage systems — were far enough 
along to permit of this small-scale (^eration and were turned over 
to the commanding officer as completed. By November 2 the plant 
had been wholly completed and an over-all transfer made. 

During the process of construction a training school was conducted 
at the then operating plant of the Nitrogen Products Co. at Salt- 
ville, Va., to train operators. This training course started May 1, 
1918, and continued until September 7, during which time 14 men 
had taken the full course in all departments and 12 others i^ort 
courses of some particular process. 

On September 4 wood fires were built in the ends of the gas pro- 
ducer crossheads and kept going until September 16, on which day, 
at 2.S0 p. m., two gas producers were started up. By 8 p. m. these 
were producing good gas. On the 18th the first block tfi furnaces 
was gas fired. On the 19th cracks began to develop ih the. red brick 
shell of the furnaces ; and although the tie-rods were tightened from 
time to time, examination after these furnaces were permanently shut 
down on January 5, 1919, showed that they had sagged and cracked 
and in some cases baffle walls badly sagged and the cast-iron pyrome- 
ter thimbles badly corroded. 

Briquets were first put into one retort of block Na 8 on October 
18. After a day's steady feeding only a fraction of a per cent of 
cyanide was obtained. 

However, continued operation produced better results, until the 
week ending November 23 showed a production of 2S5 pounds of 
sodium cyanide, while the week of December 1 to 7, inclusive, yielded 
a total of 2,714 pounds. This was the largest weekly production 
during operation of the plant. 

The first briquets ready for lixiviation were received from the 
retort building on December 2, and analyzed a little over 5 per cent 
sodium cyanide. A total of 7,599.8 pounds of sodium cyanide was 
produced during the total period of operation. 

The gross cost of this plant was $2,384,350. 

Under date of November 26, 1918, the Secretary of Interior in- 
formed the Secretary of War that the chemical plant No. 4, Salt- 
ville, Va., had been completed and was ready for operation; that all 
of the equipment had been tried out and the plant could be brought 
to full operation quickly at any time ; and that as the funds had been 
handled entirely by the War Department no formal transfer was 
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necessary. This plant was then officially placed under control of the 
Nitrate Division tinder date of December 19, 1918. 

On January 7, 1919, the Secretary of War directed that the Direc- 
tor of Chemical Warfare Service appoint a board to investigate the 
Saltville plant and make recommendations as to its future. This 
board, consisting of four officers of the Chemical Warfare Service, 
was appointed under date of January 16, 1919. The report of this 
board submitted the latter part of March recommended that as the 
operation of the plant as a governmental or private enterprise for 
the production of cyanide or of ammonia was not considered feasi- 
ble for the reason that the operating co^s were far in excess of the 
costs which could be attained by other processes already available, 
the plant be advertised for sale in whole or in part ; and that if the 
bids received aggregate an amount of $1,000,000 or more the sale 
or sales be consummated, if not the plant be held until better busi- 
ness conditions prevail. 

The Nitrate Division concurred in these recommendations, and 
although engineers for a number of large concerns investigated the 
proposition, no bids were received, and, effective July 10, 1919, the 
plant was tranisferred to the Cincinnati district ordnance office for 
disposition by salvage. 

C. TECHNICAL RESEARCH. 

At the time the Nitrate Division was organized in July, 1917, ja 
research technical section was formed. This section carried on in- 
vestigations at various points and in cooperation with many insti- 
tutions and individuals, including other Government bureaus. 

1. Laboratories of Nitrate Division. 

a, Shef^sld Exferiment Station. — In the summer of 1917 it was 
recognized that the program of building and operating nitrogen fixa^ 
tion plants carried with it the corollary of establishing a laboratory 
wherein research might be made into the processes adopted in the 
plants. It had been originally intended to locate such a laboratory 
in the city of Washington, but as the funds available* forbade this, a 
group of old buildings located on the plant No. 1 reservation was 
selected in October and remodeled to fit the purpose. 

In general the investigations covered the catalytic oxidation of 
ammonia using platinum gauze with various types of oxidizing 
chambers ; the absorption of nitrose gases ; tests on acid-proof mate- 
rials; the effect of nitric acid on aluminum; preparation of mixed 
acids ; and others. 

Experimentations continued here until January 15, 1919, when the 
station was closed. The personnel engaged on this work consisted 
of 23 commissioned officers, civilians, and enlisted men. 
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b, Arlington Farms. — For a matter of two or three years prior to 
the entry of the United States in the World War the Bureau of Soils 
had been interested in the synthesis of ammonia and had provided 
a testing plant at Arlington Farms, Va. In July of 1918 arrange- 
ments were made whereby the Nitrate Division took over this testing 
plant, with its personnel and facilities, in order to conduct tests on 
catalysts developed outside of the General Chemical Co.'s Laurel Hill 
laboratory. 

In August the section became alarmed because of the difficulties 
which the General Chemical Co. seemed to experience in producing 
sufficient catalyst of a high grade for the requirements of the Shef- 
field plant. Accordingly a small catalyst manufacturing plant was 
installed, which started operations in October, 1918. On November 
10 the plant was placed on a 24-hour, three-shift basis, and late in 
that month satisfactory conversions in testing catalysts were made. 

Experiments were also conducted on efficient methods for supply- 
ing adequate quantities of hydrogen and nitrogen gases. 

Operation continued here until April, 1919, when the plant was 
moved to the Fixed Nitrogen Research Laboratory, 

In all this work great assistance was rendered by Dr. R. O. E. 
Davis, of the Bureau of Soils, and some of it carried on under his 
direct supervision. 

6*. Georgetown Experiment /Station. — In August, 1917, Mr. James 
H. Reid brought to the attention of the Nitrate Division his process 
for producing calcium carbide and the fixation of nitrogen. Tests 
on his process were witnessed on several occasions at his laboratories 
at Sherman, Vt., and on July 3, 1918, his offer of June 27 to the 
President was accepted by the Secretary of War on behalf of the 
President. 

This offer granted to the Government the use of his processes and 
designs of apparatus for the production of calcium carbide, for 
combining the same with nitrogen, and for obtaining from the same 
ammonia and therefrom ammonia compounds. For this Mr. Reid 
was to receive no compensation by the way of royalty or otherwise 
for the manufacture of products used exclusively in munitions of 
war, but was to receive^ a royalty of $5 per net ton of nitrogen pro- 
duced for use in fertilizers, etc. He further offered his personal 
services in this connection at $1 per year. 

An agreement was made with the Georgetown Gas Light Co., 
Georgetown, D. C, whereby a portion of their plant was turned 
over to the Nitrate Division to be used as an experimental station, 
and reconstruction and installation of equipment started immedi- 
ately. However, at the time of the signing of the armistice this 
station was not ready for test, and further work was discontinued. 
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Under date of January 3, 1919, Mr. Reid withdrew his offer and 
asked to be discharged from all further responsibility. 

d. Fixed Nitrogen Research Ldhorabory. — ^The report dated Au- 
gust 24, 1918, of the nitrate commission recommended as previously 
noted, that there be established in the vicinity of Washington a fixed 
nitrogen research laboratory, under the control of the Nitrate Divi- 
sion. 

The Arlington Farms station was then being used by the Nitrate 
Division, but this, besides being the property of and required by the 
Bureau of Soils, was being used for testing catalysts for nitrate plant 
No. 1 and was inadequate for this new purpose. 

Under date of June 1, 1917, the trustees of the American Univerr 
sity, Washington, D. C, agreed to allow the Bureau of Mines to use 
their Ohio Building for experimental purposes. 

Executive Order No. 61, dated June 27, 1918, transferred this 
building to the War Department for use under direction of the 
Chemical Warfare Service for the manufacture of toxic gases. 

At the signing of the armistice the Chemical Warfare Service dis- 
continued work on toxic gases at this station, and so had no further 
use for the Ohio Building and others erected by it. Accordingly, 
under date of March 29, 1919, the Secretary of War issued an order 
placing the Ohio Building, together with unutilized supplies, to 
the Fixed Nitrogen Research Laboratory of the Nitrate Division. 

A discussion of the work and accomplishments of this laboratory 
is included in Chapter VI. ' 

Effective July 1, 1921, the Fixed Nitrogen Research Laboratory 
was transferred from the control of the War Department to that of 
the Departinent of Agriculture. 

2. Laboratories of Commercial Plants. 

Extensive investigations into nitrogen fixation processes were made 
by the Nitrate Division in cooperation with various commercial com- 
panies, universities, and other institutions. 

a. American Cyanamid Co, — ^At a conference held in Washington 
December 31, 1917, at which representatives of the Semet Solvay 
Co., General Chemical Co., American Cyanamid Co., Bureau of 
Mines, and the Nitrate Division were present, the field of ammonia 
oxidation was carefully canvassed and it was decided to install a 
multiple gauze nonelectrically heated converter at the plant of the 
American Cyanamid Co. at Warners, N. J. This type of converter 
did not work very satisfactorily on the cyanamide ammonia, eflSciency 
of about ronly 80 per cent being obtained under the same condi- 
tions which had given 91 per cent on ammonia from coke-oven aquu. 
The trouble was apparently due to certain impurities which wera 
present in minute amounts in cyanamide ammonia. 
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The results of these experimaots indicated that the multiple gauze 
converter operating without beat would not operate successfully on 
cyanamide ammonia. The electrically heated flat gauze converter 
was therefore used at United States Nitrate Plan No. 2. 

i. General Chemical Co, — The General Chemical Co. had at their 
Laurel Hill, Long Island, experimental station their experimental 
plant for the synthetic production of ammonia and was carrying ou 
tests there on various phases of operation which would be encoun- 
tered at United States Nitrate Plant No. 1^, and on the testing of 
catalysts. An agreement was therefore reached whereby representa- 
tives of the Nitrate Division would be stationed at this station to 
study operation of the system, and later to assist in the ma^iufac- 
ture and test of catalysts. The first of the Army representatives 
arrived at Laurel Hill October 27, 1917, and a study of the process 
started. 

All operations of the process were tested on this laboratory plant 
and efforts then devoted to the production of catalytsts,/an order for 
which was placed by the Nitraie Division with the General Chemical 
Co. under date of January 19, 1918. No trouble was encountered in 
the manufacture of the CO catalyst. Preliminary work on the manu- 
facture of ammonia catalyst was started April 16. The first lot, 
produced June 22, was very poor and only a swiall percentage was 
available for use. On June 25 the first lot was shipped to Sheffield. 
This wafi also poor catalyst, which led to the opening by the Govern- 
ment of Arlington Fanns J^aboratory. . On October 12 work wag 
started to double the capacity of the catalyst plant. This work was 
not completed at the time of the signing of the armistice, howevpr, 
and construction was discontinued on December 13, 1918. 

<?. Nitrogen Products Co, — As the result of a tender submitted by 
the Nitrogen Products Co., the experiment station of this company 
at Greene, R. I., was operated under Government control between 
the dates of February 2, 1918, and December 2, 1918. 

Investigations were made on the Nitrogen Products Co.'s cyanidt 
process and tests made on charges as large as 600 pounds of briquets, 
showing that it is possible to recover from 85 to 95 per cent of the 
theoretical yield of ammonia from cyani^ed briquets without serious 
difficulty. 

d. Air Reduction Co, — The Air Reduction Co. had developed a 
cyanide process at its plant at Jersey City, N. J., and first brouofht 
the attention of the Government to its process in July, 1^17. Their 
plant was visited by the chief of the research technical section in 
August, 1917, when it was agreed that this company would carry on 
experimentation at its own expense. Reports of this work were so 
favorable that on August 5, 1918,' a representative of the Nitrate 
Division was detailed to the Jersey. City plant to make a further 



REPORT OZ^ FIXATIOK AND UTIIilZATIOK OF NITROGEN. '307 

study of ^hifl process. He remftined on duty there until Norember 18, 
1918. 

This process produced sodium cyanide through the interaction of 
nitrogen with sodium carboimte, iron, and carbon in a manner some- 
what similar to that of the Bucher process. 

e, Hercules Powder (Jo* — The Hercules Powder Co. had been ex- 
perimenting on a sodium-cyanide process'at their Kenvil, N. J., plant. 
This j^nt wafi visited in July, 191S, and a study of their process 
made ; and although the Nitrate Division kept in close touch with this 
company^ no deyelopments of importance were noted. The feature 
of this proceas was operation at especially low temperatures and tiie 
use of an especially active charcoal. 

/. General Electric Co.-^A number of researches were initiated in 
the Gteneral Electric laboratory at Schenectady by Dr. Willi,s K. 
Whitney in cooperation with the Nitrate Division. These researches 
were chiefly on eyanide processes, and an electrically heated cyanide 
furnace of conj^iderable dimensions was erected. 

Doctor Whitney had been a member of the various nitrate com- 
missions, and in October the research technical section succeeded in 
securing his services as director of research in an advisory capacity. 
Extremely valuable service was rendered by Doctor Whitney. 

g, E. I, du Pont de Nemours Ponder Co^ — Through the courtesy 
of this company, Mr. F. J. Liljenroth was detailed to the Nitrate 
Division for several months in the summer and earlv autumn of 1018 
to carry on a study of the are procesa The American Nitrogen Co., 
a subsidiary of the Du Pont Co., had done and were doing the chief 
work in this country on the arc process of nitrogen fixation. 

Under Mr. Liljenroth's direction sketch plans for a plant to utilize 
10,000 kilowatts in S Birkeland-Eyde furnaces and 15,000 kilowatts 
in 10 Schonherr furnaces were prepared. The scheme was to install 
and operate these furnaces in connection with the offpcak power 
from city systems, and so have a working basis in case conditions 
should render the construction of arc plants advisable. Provisional 
plans were also made for a plant to use 60,000 kilowatts on the 
Birkeland-Eyde system. At the signing of the armistice the work was 
discontinued. 

h, ReBem^h Corporation, — An agreement was entered into with the 
Research Corporation whereby that company, as consulting engi-. 
neers, carried on a cooperative investigation on the recovery of nitrous 
fumes and mists from nitrating plants through Cottrell precipitation. 
The work was done in the Research Corporation's laboratories. 

3. Laboratories of Various Institutions. 

«. Geophysical Laboratory.— JJndtr date df May 14, 1918, Dr. 
A. A. Noyes, chairman of the Nitrate Research Committee, requested 
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that the Geophysical Laboratory of the Carnegie Institute cooperate 
with the Nitrate Division on researches relating to the production of 
nitrogen compounds. 

Dr. R. B. Sosman, acting director of the laboratory, was made 
responsible for the work^ and under him the best microscopists, chem- 
ists, and physicists of the staff worked upcHi the problems. 

The first work was on problems connected with the cyanide process. 
In July work was started on the General Chemical Co.'s process; first, 
a study of the Haber process catalyzers ; then, in August, owing to 
the considerable variation in the results reported from the testing 
station at Laurel Hill, an intensive study of the General Chemical 
Co.'s catalyst was begun ; and later, work to do with a carrier for the 
General Chemical Co.'s catalyst was taken up. 

h. ^ureau of Soils. — A very great service, as previously shown, 
was rendered by the Bureau of Soils in connection with the work 
carried on by the Nitrate Division at the Arlington Farms station 
and by the Fixed Nitrogen Research Laboratory. A study was also 
made on the electrolytic oxidation of ammonia in solution. 

c. Bureau of Mines. — The cooperative work of the Bureau of 
Mines has been shown throughout this history. This bureau co- 
operated from the first with the Nitrate Division and, besides experi- 
mentation carried on in its own laboratories, rendered such service ag 
has been shown in connection with the study of processes, selection of 
sites, and erection of the cyanide plant. 

d. Bureau of Standards. — From July to November, 1S18, the Bu- 
reau of Standards carried on research to develop a special apparatus 
for the determination of each of the gas constituents in the various 
gas mixtures throughout the synthetic-ammonia plant. This bureau 
also supervised the sampling and purifying of platinum to be used 
by the Nitrate Division as a catalytic material. 

e. United States Geological Survey. — At the request of the Nitrate 
Division the Geological Survey carried on an exploration of domestic 
nitrate deposits to determine their value and possibility as a nitrogen 
source. 

/. United States Assay Office^ New York. — The platinum secured 
for use as a catalyzing medium at the nitrate plants was in the crude 
form. The assay office at New York undertook to refine this metal 
and draw it to coarse wire, and then gave very great assistance in 
concluding a contract for drawing and weaving this wire to the 0.003 
diameter wire by 80-mesh gauze required. 

g. Massachusetts Institute of Technology. — Laboratory experiments 
were made under the direction of Dr. A. A. Noyes at the laboratories 
of and using equipment of the Massachusetts Institute of Technology 
on the equilibrium involved in the formation of nitric ^cid from nitric 
oxide. It was determined that the reaction of NO2 with water pro- 
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ceeded rapidly, while that of the oKidation of NO to NOj by air 
proceeded much more dowly. Various catalysts to accelerate this re- 
action were investigated, and it was found that certain forms of 
carbon such as were used in gas maskfi incr«a;faed the velocity of re- 
action very greatly. As the process worked well on the laboratory 
scale, it was transferred to Sheffield, where on a larger scale serious 
trouble was encountered on account of the heat liberated in reaction 
and the work discontinued. 

h. University of Michigan, — The University of Michigan coopei*- 
ated with the Nitrate Division by studying, under Prof. E. D. Camp- 
bell, at the university's laboratory the purification of gases for am- 
monia synthesis. 

L Oolumhia University, — The chemical laboratory at Columbia 
University was made available to the Nitrate Division for experi- 
mental work in connection with the Study on nitrous fumes being 
conducted by the Research Corporation. 

j. University of West Virginia, — ^Prof. B. H. Hite, of the Uni- 
versity of West Virginia, who was carrying on work looking to the 
production of hydrogen in pure form and at low cost from natural 
gas, reported on this work during the summer of 1918. In No- 
vember plans were made for a thorough test of Professor Hite's 
method, and a thorough study made of the theoretical considerations. 

k, Leland Stan!foi'd Jvn%ior University, — The services of Dr. E. C. 
Franklin, of the Leland Stanford Junior University, were secured 
in September, 1918, for work in connection principally with the 
various amides which might offer improvement over sodium amide 
foi- use in the United States Nitrate Plant No. 1. 

Doctor Franklin had devoted a number of years to the study of 
ammonia compounds. 

4. Other Investigations. 

a, NiPride process, — The only nitride processes which attained 
promise were modifications of the Serpek process by the Aluminum 
Co. of Amerioa and the Armour Fertilizer Co. Both these com- 
panies kept the Government informed of their progress, and their 
plants were visited by the chief of the research technical section in 
the fall of 1918. 

h, Uennjoood process, — This process, which was thoroughly investi- 
gated, involved the oxidation oif ammonia by the use of free oxygen, 
the catalyst being a film of platinum on the surface of an alundun 
tube. No important results ever developed from this investigation. 

c, Lv/iiden process, — The Lunden process for the /catalytic oxida- 
tion of ammonia in solution aroused much interest in the fall of 1918 
because of the favorable opinion of it held by the British. Doctor 

100676*— 22 21 
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Noyes studied the little information obtainable upon the process 
when he was in England ; and although negotiations for the purchase 
of the rights to the process by the Governments of the United States 
and Great Britain were started, further study revealed that the 
process was not as represented and the negotiations were abandoned. 

D. UNITED STATES FIXED NITROGEN COMMISSION. 

In December, 1918, at the request of the Assistant Secretary of 
War, Mr. Arthur Graham Glasgow, who in the summer of 1918 had, 
at the request of the Assistant Secretary of War, studied, in con- 
nection with his other duties in Europe, the nitrogen situation in the 
allied countries, visited Muscle Shoals with a view to making a study 
of the nitrate plants and recommending a plan for their future. 
Such recommendations were made in a memorandum dated January 
7, 1919, and unanimously indorsed at the conference of January 14, 
1919, between the Assistant Secretary of War, Chief of Ordnance, 
chairman of nitrate committee, Chief of Nitrate Division, Director 
of Construction, Mr. Glasgow, and others. 

The Secretary of War, on March 29, 1919, after studying the rec- 
ommedations which included the sending of a commission to Europe 
to study the plants in the various countries on that continent, in- 
cluding the occupied portions of Germany, appointed Mr. Glasgow 
his immediate representative in matters concerning the fixed-nitro- 
gen interests of the War Department, with authority to act for him 
in all such matters— especially in connection with the administration 
of the Nitrate Division of the Ordnance Department, and the pres- 
ent and future disposition of the nitrate plants. 

He further authorized that the Ordnance Department utilize for 
fixed-nitrogen research and development the abandoned "Ohio" 
laboratory of the Chemical Warfare Service at the American Uni- 
versity, District of Columbia; that certain commissioned officers 
of the Army be retained in a civilian capacity to carry on this work; 
that active and progressive cooperation with the Navy, Interior, 
and Agriculture Departments and others be established in the task 
of endowing the Government's nitrate plants with maximum peace- 
time vaJue for fertilization and other purposes. 

In the Spring of 1919, therefore, Mr. Glasgow, the fixed-nitrogen 
administrator, informally appointed Col. J. W. Joyes, Ordnance 
Department, chairman; Lieut. Col. A. B. Lamb, Chemical Warfare 
Service; Lieut^ Col. F. H. Wagner, Ordnance Department; and 
Capt. R. S. Tour, Ordnance Department, the United States Fixed 
Nitrogen Commission to visit and study the various atmospheric 
nitrogen-fixation plants of Europe. 
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Authority for the travel and confirmation of these appointments 
was given by the Secretary of War under date of May 28, 1919, 

The commission sailed from Hoboken on June 6, 1919, and im- 
mediately upon arriving in France started on the tour of inspection. 
Great aid was given by both the French and English, and the Ger- 
man plants located in the occupied German territory were thoroughly 
inspected and studied during the time from July 3 to July 22 by the 
courtesy and aid of the French Control Commission. 

The French plants visited included the temporary war plant at 
Xanteure, employing the cyanamide process and having a capacity 
of 30,000 tons of calcium cyanamide per year; that at Angouleme, 
for producing ammonia from cyanamide and having a capacity of 
20,000 tons 100 per cent nitric acid per year; the nitric-acid plant 
at Toulouse ; a private plant for producing cyanamide from charcoal 
at Marignac ; a small calcium-carbide plant at Luclon ; an arc plant 
at Le Pecq. 

In Germany the large Haber-Bosch plants of the Badische Anilin 
und Soda Fabrik at Oppau and Merseburg proved of immense inter- 
est; and although the members of the commission were not allowed 
to make pencil notes much valuable information was obtained J The 
Oppau plant had been in existence prior to the war, but had been 
enlarged to a capacity of 100,000 metric tons of nitrogen per year. 
The Merseburg plant was a war plant which started operation in 
1917 and had a yearly capacity of 200,000 metric tons of nitrogen. 
The commission also visited the plant at Hoechst, near Frankfort, 
for oxidizing ammonia to nitric acid, and a similar plant at Lever- 
kuson, near Cologne; and the German cyanamide and nitric-acid 
plant at Knapsack. 

After returning to France the commission split. Colonel Wagner 
remaining in France, Colonel Lamb and Captain Tour proceeding 
to England, and Colonel Joyes to Norway to visit the celebrated 
large arc-process plants at Notodden and Bjukan. 

Besides visiting these various plants, the commission met and con- 
ferred with many scientists of the allied nations, thus gaining much 
valuable information regarding both past experiences and future 
plans. 

In Germany it was found that the cyanamide, Haber, and coke- 
oven plants were handled by a syndicate to regulate production, dis- 
tribution, costs, etc. 

The commission was intact again in the United States upon the 
return of Colonel Joyes on September 9, the other members having 
arrived a short time previous. 

At this same time a number of agriculturists, among them Dr. 
Jacob G. Lipman, dean and director of the New Jersey State Agri- 
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cultural Experiment Staticn, had visited Europe to study the nitro- 
gen situation as regards fertilizing materials. 

E. NAVY DEPARTMENT. 

In the spring and summer of 1918 the Navy Department, in con- 
sidering a source for future supply of explosive nitrogen, consulted 
with and studied the plans of the Nitrate Division of the Army 
Ordnance Department. 

The result of this study was the decision to erect a plant for the 
fixation of atmospheric nitrogen according to the General Chemical 
Co.'s process, similar to United States Nitrate Plant No. 1. 

The plant, which was to be erected at Indianhead, Md., was to 
have a rated capacity of 60,000 pounds of ammonia per day, and a 
daily production of 180,000 pounds of 96 per cent nitric acid by 
catalytic conversion and concentration. 

Complete plans were ready and the contract let in September, 

1918. While the process was to be that of the General Chemical 
Co., the contract for the construction and erection of the buildings 
and installation of equipment was awarded to the J. G. ^^Tiite Engi- 
neering Corporation. 

The project, which was estimated to be completed in September, 

1919, at a total cost of $9,000,000, was abandoned on November 5, 
1918, the camp site only having been completed at that time. 
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., JP. UNITED STATES DEPARTMENT OF AGRICULTURE. 



The activities of the Department of Agriculture regarding nitro- 
jpen research were confined to the Bureau of Soils. 

In 1913 this bureau began its first investigation of the fixation of 
atmospheric nitrogen in studying tl>e formation of nitrides. In 1916 
investigations on four methods of nitrogen fixation, namely, the 
formation of nitrides, the cyanamide process, the arc process, and the 
Haber process, led the bureau to the conclusion that from the eco- 
nomic standpoint the method which held forth the most promise of 
success under American conditions was the Haber process. 

During the summer of 1916 the department undertook to study 
the production of ammonia by the Haber process and began the in- 
stallation of a small unit at Arlington Farms, Va., for this purpose. 
By August, 1917, an installation, modeled on the published accounts 
of the Haber process, had been completed. This was used for experi- 
mentation, and in January, 1918, the Nitrate Division assigned two 
men to assist on the work. 

The plant was remodeled, and in September, 1918, was placed at 
the disposal of the Nitrate Division for testing catalysts in connec- 
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tion with United States Nitrate Plant No. 1, Sheffield, Ala. It was 
continued in operation at Arlington Farms until April, 1919, when 
it was moved to the Fixed Nitrogen Research Laboratory, on agree- 
ment to work in cooperation with the Bureau of Soils. 

Independent study and work on the cyanamide and arc processes 
had been carried on previous to the establishment of the Fixed 
Nitrogen Research Laboratory, and since that establishment in con- 
nection with the laboratory. 

G. UNITED STATES DEPARTMENT OF THE INTERIOR. 

Besides the great aid rendered by the Interior Department, as 
mentioned throughout this chapter, the Bureau of Mines of this 
department had made, previous to the entrance of the United States 
into the World War, several studies of, and had conducted numerous 
experimental tests on, various subjects incident to the fixation of 
nitrogen. Early in 1917 the Bureau of Mines studied the catalytic 
oxidation of ammonia, using a single platinum gauze converter, and 
conducted tests at the plant of the Solvay Process Co., Syracuse, 
X. Y., using this type of converter. A type of converter similar to 
this was used at United States Nitrate Plant No. 2. 



APPENDIX A. 



UNITED STATES NITRATE PLANT NO. 1, SHEFFIELD, ALA. 

The United States Nitrate Plant No. 1, designed to produce 22,000 
tons of grained ammonium nitrate per year, is located on a site 
bordered on the northeast by the town of Sheffield, Colbert County, 
Ala., and on the northwest by the Tennessee Kiver. The tract con- 
sists of 1,900 acres of rolling land, intersected by a creek supplying 
cold spring water in sufficient quantity for plant purposes. This 
plant stands on that portion of the site adjoining the town and covers 
an area of about 200 acres. Between the plant area and the creek is 
the industrial village for the housing of employees. The remainder 
and larger portion of the tract is covered principally by brush and 
timber and was purchased for the construction of an isolated experi- 
mental explosives plant, which was not built. 

Water gas is manufactured for use in the production of synthetic 
ammonia, which in turn is oxidized to form nitric acid. The nitric 
acid can then be concentrated and disposed of as such or can, without 
concentration, be neutralized with ammonia to form ammonium 
nitrate in solution, later to be evaporated and grained. Auxiliary 
plant, including power house, pumping and filtration systems, ma- 
chine shops, storehouse, repair and maintenance facilities of per- 
manent construction were provided, while the chemical laboratory, 
hospital, and executive offices were of temporary construction. 

The gas plant. — Water gas, which is the first material required in 
the operation of this plant, is produced in a standard water-gas 
plant of 4,000,000 cubic feet capacity per day, laid out in three sepa- 
rate units, each complete in itself and consisting of two gas sets, in- 
cluding generators, seals, wash boxes, scrubbers, blowers, and other 
auxiliary equipment so arranged that the sets may be operated 
either separately or simultaneously. 

The generators are 7 feet 6 inch inside diameter by 13 feet 6 inches 
high, hned with Silcar brick and are fitted with rotary disk grates 
with drives. An auxiliary blast is placed around the machines 4 
feet 5 inches above the grates. The take-off is brick lined and con- 
nected to the seal through 12-inch brick-lined fittings. The blast 
gases pass through a 15-inch stack valve into a steel stack. Coke is 
charged into the generators through the stack valve. Each gener- 
ator has a standard 5 foot 6 inch diameter by 3 foot 3 inch seal 
through which the gas passes before it enters the 6 by 20 foot scrub- 
ber, which is filled with coke resting on trays and over which water 
sprays are directed. Pipe connections are such that gas from either 
generator may be passed through either or both scrubbers of each 
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set. The gas is passed from the scrubbers into a three-lift 500,000 
cubic foot capacity holder, from which it is passed through six iron- 
oxide purifiers placed on framework 13 feet above the ground. The 
purifiers are connected in pairs, so that either or both of any pair 
can be used with each generator set, and so that gas flow may be re- 
versed through either purifier if desired. 

Blast air pressure is obtained from two Sirocco blowers driven 
by 40-horsepower motors. The blowers are each so joined to the 
generators by a 12-inch line that ^ithei? or both may be used with 
either or both generators. Air for the introduction of nitrogen into 
the gases is supplied by two 6 cubic foot Connersville blowers driven 
by two 30-horsepower motors. Steam is furnished from the power- 
house boilers and is measured by means of Bailey flow meters. Water 
service to the building is provided by a 4- inch' main from the plant 
water system, which is supplemented by a supply from the Sheffield 
city water plant. Water consumption is measured by a i-inch 
Worthington water meter. Coke dumped from cars into a track 
hopper is carried by an automatic skip hoist to a 100-ton elevated 
storage bin, from which it is delivered to the charging floor. A 
hydraulic elevator is provided as an auxiliary coke-handling ap- 
paratus. 

The building in which the gas generators are housed is 44 by 136 
feet, with an adjacent room 20 bv 117 feet containing the blowers 
and other accessory equipment. The building is of steel frame with 
brick walls and limestone trim, concrete foundation, gypsum roof, 
and steel sash and doors. 

The ammonia plant, — The ammonia plant is a direct synthetic 
process, constructed in accordarfce with the designs of the General 
Chemical Co., which company, after several years of experimenta- 
tion, has somewhat modified the original German Haber process. 
The plant, built to synthesize ammonia at 100 atmospheres pressure, 
is divided into three separate units. Nos. 1 and 2, each having a rated 
capacity of 15,000 pounds of anhydrous ammonia per day, and No. 3, 
a capacity of 30,000 pounds per day. 

In each unit a straight water gas or a mixture of water and pro- 
ducer gases is pumped from the gas plant by two Connersville 
blowers driven by 16-horsepower motors through a Venturi meter 
into three tubular heat interchangers and thence into a cast-iron 
catalyst chamber or converter 8 feet in diameter and 3 feet 8 inches 
deep. A mixture of producer gas and air, each constituent measured 
by a Venturi meter, is burned in an auxiliary heater built integrally 
with the main gas inlet of the converter, the purpose being to main- 
tain the catalyst bed at proper reaction temperature and to supply 
necessary nitrogen from the burned air. The steam required for the 
chemical reaction in the converter, originally supplied through a 
steam superheater, is now to be furnished as low-pressure steam, 
being passed through a Venturi meter and into the gas main leading: 
to the inlet of the second heat interchanger. Here the steam mixes 
with the main supply of gas and passes through two interchangers 
into the converter. The converted gas and excess steam, after chemi- 
cal reaction, return through the three interchangers and are passed 
into steam condensers, from which the condensate is removed by 
means of a separator. The gases pass from the separator to a 25,000- 
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cubic foot holder, erected beside the main gas holder, for the purpose 
of maintaining a steady load on the compressors. 

The gases are drawn from the small holder through a 6 by 28 foot 
buffer tank into two 4-stage (3-10-30-100 atmospneres) Nordberg 
compressors, which are driven by 300-horsepower motors equipped 
with Lenix drives. The gases from the compressors are passed 
through coolers equipped with separators into a water scrubber 
which is constructed of two 24|-inch by 13-foot cast-steel cylinders 
supported on cast-iron columns and with the ends closed by forged 
steelheads bolted to flanges which are screwed on to the ends of the 
cylinders. The scrubber is supplied with water by two 4 by 12 inch 
plunger type Watson Stillman Co. pumps, which are driven by 150- 
horsepower motors equipped with Lenix drives. The pressure of the 
water from the pumps is maintained steady by means of an accumu- 
lator floating on the line. The water from the scrubber passes to a 
Pelton water wheel direct connected to a 75 -kilowatt generator which 
recovers the power of the discharging water. The flow of the 
water from the scrubber is regulated by a mechanical float mechanism 
which in turn controls a governor on the water-discharge nozzle. 
The water from the Pelton wheel discharges into the sewer. In case 
the Pelton wheel is not in operation, the water is by-passed from the 
float chamber directly into the sewer. The gases leaving the water 
scrubber pass through a separator for the removal of entrained mois- 
ture and enter the caustic scrubbing system. 

The caustic system as originally installed consisted of a number of 
cylinders, pots, heaters, air lift, etc., and was intended for operation 
with hot caustic. In the process as piodified to operate with cold 
caustic the gases pass into the lift together with the caustic solution 
and are lifted to the top of a single-cylinder scrubber similar in con- 
struction to the water scrubber. From here they pass to a receiver, 
which is a 60-inch diameter cast-steel pot, then through a coil and 
shell cooler, where the condensate and entrained caustic solution is 
removed and returned to the receiver, and through a catch pot to the 
next system. The catch pot prevents caustic solution from coming 
through with the gas and entering the next system. Two small 
pumps driven by 5-horsepower motors and with a small accumulator 
on the line are used to pump caustic solution through the system. 

The gas is passed into a scrubbing system consisting of two single 
cylinders similar in construction to those of the previous systems, and 
through which a copper solution is circulated by means of three 
pumps driven by 5-horsepower motors and with accumulator on the 
line. The solution is introduced at the top of one cylinder, through 
which it passes downward and enters the top of a second cylinder, 
from which it is passed through a float chamber for level-control 
purposes into a regenerating system which consists of a 6-foot diam- 
eter by 6 foot 9 inch cast-iron tanks, glass lined, and fitted with steam 
coils. After regeneration the solution is passed through a brine 
cooler and returned to the scrubbers. The gases leaving the copper 
scrubbers are passed through a brine cooler from which condensed 
moisture is removed by means of separator and catch pot. They are 
then passed through driers and purifiers, which are 24^ and 36 inch 
diameter cylinders, respectively, filled with suitable drying and puri- 
fying materials* 
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Two small circulating compressors pump the proportioned gases 
from the purifiers through what is known as a circulating system, 
and which consists of an equalizer, heat interchangers, externally 
fired gas heater converter, and liquefiers. The eaualizer is a 24J-incii 
diameter by 14-foot forged cylinder with a suitaole packing through 
which the gases pass before they enter a series of three-heat inter- 
changers. Each interchanger is made of a tube nest, each main tube 
having two others placed concentrically about it and the complete 
tube nest placed within a 24i-inch diameter forged cylinder. The 

fases leave the heat interchangers and pass into a tubular heater 
red externally and using producer gas as fuel. This heater brings 
the gas to, and maintains it at, the desired operating temperature. 
The gases leave the heater and pass into a 36-inch diameter by 15- 
foot couA erter, which contains a tube-nest filled with a catalytic ma- 
tei-ial. Gases leave the converter, return through the three-neat in- 
terchangers, and pass into another interchanger, sometimes called 
cold interchanger, similar in construction to the others, and thence 
through two liquefiers placed in series. The liquefiers consist of a 
nest of coils placed within a shell, the gases passing through the coils 
and the refrigerant ammonia around them. The liquefied ammonia 
is removed by means of separators and catch pots. The refrigerant 
is furnished by standard refrigeration equipment consisting of 9 by 
9 inch and 11 by 13 inch York compressors with their accessory con- 
densoi^s. 

The ammonia taken from the catch pots is drained directly into 
24-inch by 6- foot receivers placed outside of the building, from which 
it may either be charged into small cylinders for shipment or piped 
to other parts of the plant. 

Vacuum pumps are installed to evacuate the system when com- 
mencing operation. Steam and compressed air are furnished by 
direct lines from the power house. Motive power is used at 220 volts 
direct current and lighting at 110 volts. 

Unit No. 2 of the ammonia process is constructed substantially the 
same as unit No. 1, there being only a few changes in arrangement of 
equipment resulting from experience in the operation of unit No. 1. 
Unit No. 3 is similar in all its steps, but uses equipment of double the 
capaxjity of that in unit No. 1. In some instances the double capacity 
is obtained by the use of larger pieces of apparatus, while in other 
instances a double number of pieces of apparatus is used. Due to 
the signing of the armistice, however, units Nos. 2 and 3 were never 
completely installed. 

The ammonia process building is 227 by 240 by 38 feet, and is 
constructed of steel framework, 12-inch brick walls trimmed with 
limestone, concrete foundations, and gypsum slab roofing. The build- 
ing is divided into three bays, two oi which are 75 feet wide and the 
third 90 feet wide for units 1, 2, and 3, respectively, and with two 
additional rooms containing switchboards and control apparatus. 

Absorber house. — A small absorber plant to absorb ammonia gas 
not used in the acid plant, or to absorb anhydrous ammonia directly 
from the ammonia process, is located south of the oxidation building. 
The equipment consists of four complete units, each having five tanks 
for absorption. The ammonia enters the first threjs tanks of each 
unit in parallel and then passes through the other two in series. All 
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but the last of these t^nks are supplied with coils for water cooling. 
The aqua ammonia from the absorbers is discharged into a storage 
tank 16 by 45 feet. The building is one story with concrete substruc- 
ture and asbestos-protected metal siding. 

Amraoma oxidation and absorption. — The ammonia-oxidation or 
nitric-acid plant contains equipment for liquid-ammonia vaporiza- 
tion, aqua-ammonia vaporization, ammonia oxidation, and nitric-acid 
absorption. The liquid-ammonia vaporization consists of three sets 
of ammonia coils, one set on each floor and one floor above the other. 
The lower set of coils furnish chilled brine to a 60-ton ice plant and 
are inclosed in a cork room. The second set acts as a vaporizer and 
the upper set as a heater to bring the gas to specific temperature. A 
small centrifugal pump circulates warm water over the coils. The 
ammonia gas to be oxidized passes from the vaporizer to a ^as holder, 
thence to a Thomas proportioning meter, where the ammonia is mixed 
with air. The mixture of ammonia and air is forced by a Buffalo fan 
into the mains leading to the converters. A Bailey fluid meter records 
the flow of ammonia from the vaporizer to the neutralizer. There 
are recording thermometers at the outlet of the vaporizing coils 
and at the outlet of the heater coils. 

The aqua-ammonia vaporizer equipment consists of two 8 by 10 
foot storage tanks, three Semet Solvay scrubbers, each with eight 
sections and with water-cooling chest on top and steam chest at the 
bottom, and one Connersville blower with a capacity of 12 cubic feet 
per revolution. The aqua ammonia through a regulating tank and 
measuring device is fed from the storage tanks to the scrubbers. One 
scrubber is equipped with a montcrjus for returning waste liquor to 
the storage tanks. A 1-inch liquid Venturi meter records the flow of 
aqua to each vaporizer, while Venturi meters record the air intake 
and air ammonia output of each vaporizer. Each vaporizer is 
equipped with recording pressure inciicators and recording ther- 
mometers. All pipe is of cast iron. 

The ammonia oxidation and nitric acid absorption part of the plant 
is divided into two units. The ammonia oxidation equipment con- 
sists of 14 converters of the cylindrical type, composed of a brick- 
lined sheet steel cylinder, into which fits the cylindrical form (9 
inches diameter by 11.5 inches high) of a four-layer platinum gauze 
catalyst, held to the base and gas-inlet head by double ring clamps, 
and 1 activating converter of the flat gauze electrically heated 
type. A gas filter has been installed in the line just below the alumi- 
num manifold. This filter and all piping to the converters is of 
aluminum. Each converter is equipped with a Bailey fluid meter 
and is supplied with auxiliary air and ammonia through 1-inch 
aluminum lines. A Uehling ammonia recorder keeps a check on the 
ammonia content of the ammonia-air mixture coming to the con- 
verters.ffiEach converter discharges its hot gases through an inverted 
U of 12-inch cast-iron pipe into a common collecting flue and from 
there into a cooler. The coolers are equipped with recording ther- 
mometers and pyrometers. Each nitric acid absorption system con- 
sists of a cooler, an oxidation chamber, and 2 blocks of 4 towers, each 
34 bj^ 34 by 60 feet. This cooling and absorption equipment is built 
in accordance with the designs of the Chemical Construction Co. 
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The nitrous oxide formed in the converter is absorbed by water in 
the absorbers and forms 50 per cent nitric acid. Each acid unit has 
a total capacity of 90,000 pounds of 50 per cent acid per day. The 
plant was equipped to vaporize either liquid or a(]|ua ammonia so that 
the acid plant would be independent of ammonia supply from the 
direct synthetic plant and could utilize ammonia purchased from the 
coke oven or cyanamide industries. Two large tanks for storage of 
aqua ammonia are located between the ammonia process and am- 
monia oxidation buildings. 

The oxidation and absorption building is of steel frame and as- 
bestos-protected metal siding and roof. That part of the building 
^hich IS used for absorption is 100 by 100 by 106 feet high, and that 
part of the building used for oxidation is 145 by 100 by 65 feet high. 

A storage building 40 by 110 feet, of temporary wooden construc- 
tion, covers three tanks of reinforced concrete and acid-proof ma- 
sonry suitable for the storage of 1,800,000 pounds of weak nitric 
acid. 

Acid concentration, — The nitric acid concentration plant concen- 
trates from 50 per cent to 97 per cent at the rate of 24,000 pounds 
of 100 per cent acid per day per unit. The plant was designed for 
two such units, but eq^uipment for only one was installed. Steam 
for this plant is obtained from the main line running from the 
power house. Weak acid is obtained through 3-inch duriron piping 
from the outside storage tanks. Concentrated sulphuric acid is piped 
directly from tank cars. Compressed air is furnished from the 
power house, and water is supplied by the plant system. 

The concentrating system was designed by the Chemical Construc- 
tion Co. The dilute nitric acid is carried by gravity through duriron 
pipe to an aluminum storage tank 12 feet 6 inches diameter by 10 
feet deep, lined with acid-proof masonry and placed within the 
building. ' The acid is lifted overhead by 3-inch duriron air lifts to a 
similar tank from which it is discharged through a regulating de- 
vice into a denitrating column, which is 42 feet high by 6 feet in 
diameter and lined with acid-proof masonry, packed with check- 
ered brickwork, spiral rings, and quartz. The nitric acid vapor is 
taken from the top of the column to a condensing system, then 
through a Hough condenser used as a cooler, and discharged to 
the acid mixer or into an aluminum storage tank from which it 
may be passed outside the building to an acid mixer in which the 
strong nitric acid is mixed with sulphuric acid in preparation for 
shipment. The acid mixer consists of tanks 8 by 30 feet, in which 
paddles are actuated by means of motors. A set of water-cooled 
coils are provided for removing the heat due to the mixing of nitric 
and sulphuric acid. A 100-ton platform scale is used for weighing 
the acids. The remaining gas which was not condensed is passed 
into a set of acid-proof masonry absorption towers, in which the 
last trace of nitric acid is absorbed. The remaining gases are dis- 
charged to the atmosphere through duriron exhauster fan. 

In connection with the nitric acid concentrating plant, there is a 
complete unit for the concentration of sulphuric acid. This unit 
consists of necessary steel tanks, lead-lined tanks, tower, blower, 
furnace, coolers, etc. 

The concentration building is a steel-frame building consisting of 
a main part 85 by 125 feet by 65 feet high, and with a built-on wing 
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42 by 65 feet. The building is covered on sides and roof with as- 
bestos-protected metal. 

Ammonium nitrate plant. — ^The ammonium nitrate plant consists 
of a neutralizer building and two crystallizing buildingfe. The weak 
nitric acid from the oxidation buildfing is carried to the neutralizer 
plant where it is mixed with vaporized ammonia brought from the 
vaporizers in the oxidation plant. Approximately 200,000 pounds 
of 56 per cent ammonium nitrate in solution may be produced per day 
from 30,000 pounds of ammonia vapor and 180,000 pounds of 50 per 
cent nitric acid. Acid from the storage tanks is lifted by a steam 
siphon to a 48,000-pound scale, where it is weighed and from which it 
is run by gravity into an aluminum supply tank inside the building. 
From the supply tank the acid is passed into the neutralizer, which is 
a large rectangular aluminum tank lined with acid-proof brick and 
covered by a brick arch, making the tank gas-tight. Vaporized am- 
monia is introduced through pipes placed at the bottom of the 
neutralizer. Excess ammonia, which is boiled oflf by the heat, due to 
the mixing, is passed through a condenser and into an absorption 
tower. The neutralized solution is run into two brick-lined steel 
tanks, from which it is pumped to the crystallizing building, approxi- 
.matfely 1 mile away. The neutralizer building is 40 by 72^ feet, cov- 
ered with asbestos-protected metal, and is similar in construction 
to the acid plant. 

There are two crystallization buildiuM located 500 feet apart as 
a safety measure in case of explosion. Each unit has a capacity of 
76,000 pounds of finished ammonium nitrate per day. Ten-foot 
diameter by 16-foot storage tanks, with a capacity of 200,000 pounds 
of 50 pc^r cent ammonium nitrate, receive the solution from the neu- 
tralizer building. The liquor is then run into rectangular glass- 
enameled steel evaporating pans 6 feet 6 inches wide, 11 feet long, 
and 30 inches deep. There are five of these pans per unit, and in 
each one there are placed 2J-inch aluminum coils carrying steam for 
evaporating purposes. Agitation of the solution is accompanied by 
means of a Connersville pressure blower driven by a 20-horsepower 
motor. Each pan has a hood over it to carry away evaporating 
liquid. Melted ammonium nitrate is drawn out of the pan through 
a special plug- valve and run into crystallizers, of which there are 10 
for each unit. The crystallizers are the standard 5-foot jacketed 
type, geared to one line shaft driven by a 30-horsepower motor at 
each end. The ammonium nitrate is grained in these kettles and 
discharged on to a 14-inch conveyor, which discharges into a bucket 
elevator used for loading cars. Each building is 50 by 140 feet bv 
25 feet high, built on concrete foundations with steel framework 
and corrugated siding. Each building is separated by a fire wall 
into two parts, the evaporating room and the crystallizing room. 
There is also built at each end of each building a room in which the 
driving motors for the graining kettles are located. 

Power house. — A 5,000-kilowatt (4,000 b. h. p.) power house fur- 
nishes all of the current and steam required for the operation of the 
plant and for the lighting of the village constructed in connection 
with the plant. The power house is 78 by 156 by 70 feet, on concrete 
foundations, with steel framework, brick walls with limestone trim, 
gypsum slab roof, and concrete floors. There are two 10-foot 
molded-block chimneys 200 feet high. The boiler room contains 
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ei^ht SOO-hoi-sepower Stirling boilers, equipped with Westinghouse 
stokers, superheaters, forced-draft systems, coal and ash handling 
emiipment, including hoppers, crushers, elevators, conveyors, etc. 
The boilers are rated at 260 per cent maximum overload capacity and 
200 per cent continuous overload capacity. The turbine room is 
equipped with two 1,875 and one 1^50 kv.-a., 190-volt alternating- 
current turbogeneratoi's with equal synchronous rotary converter 
capacity, 40-horsepower motor generator sets, a 60-cell type " Gr " 19 
Exide storage battery, 35-kilowatt exciter, 25-ton traveling crane, 
switchboards, and necessary auxiliary apparatus. A 250-volt direct 
current is used in the ammonia process and in the repair shops, but 
2,300-volt alternating-current power is transmitted to other parts of 
the plant and transformed to 110 or 220 volt alternating current as 
required. On the basement floor of the power house there are two 
100-pound air compressors, compressing air for process requirements, 
two 40-pound compressors for the air lifts in the oxidation plant, an 
air washer of 21,000 cubic feet per minute capacity, jet-type con- 
densers, feed-water heaters, pumps, etc. Outside of the power house 
there is a 100 by 167 foot cooling pond with a capacity sufficient to 
cool 6,000 gallons of water per minute. 

Just outside the power house a water-softener plant is located in a 
brick building 24 by 29 feet. The plant consists of pumps, mixing 
apparatus, regulating tanks, settling tanks, etc. 

Auxiliaries. — A pumping station built in the shape of a decagon 
whose diameter would be 85 feet 9 inches was built at Spring Creek. 
The lower part of the building is constructed of reinforced concrete, 
while the upper part has a framework of steel faced with red brick. 
The mechanical and electrical equipment, consisting of three 2,500,000 
gallon per day centrifugal pumps driven by induction motor's, one 
Worthington ^o. 3 sump pump driven by induction motor, is located 
in the basement by the electrical switchboard, and apparatus that 
goes with this equipment is on the first floor, entrance to which is 
obtained by a concrete runway 90 feet long running from the hill- 
side. A 20-inch water main leads to the filtration and storage system. 

A booster pump house, 18 b}^ 47 feet, of steel- frame and brick con- 
struction, is located near the acid plant and consists of four Chal- 
mers centrifugal pumps driven by 20-horsepower motors. Three 
of these pumps supply the plant with 80 pounds of water, while 
the fourth supplies water to a 200,0()0-gallon storage emergency 
tank. A small booster station with four pumps in flie pipe shop 
building supplies 40 pounds water to the gas plant and ammonia 
process. 

The filtration plant, of 5,000,000 gallons per day capacity, consists 
of a sedimentation basin 100 by 60 feet, built of reinforced concrete, 
and on top of which was built the building to house mechanical 
equipment for filtration. The water for plant purposes is clarified 
and purified by dissemination, coagulation, and rapid sand filtra- 
tion. Water for domestic use is further purified by chlorination. 

A machine shop 60 by 112 feet by 35 feet high, steel framed, 
brick walls trimmed with limestone, 2-inch wooden roof covered 
with composition roofing, is equipped with a 10-ton bridge crane 
and with several medium-sized macnine tools, such as lathes, drills, 
shaper, planer, grinder, saw, etc., required for ordinary repair work. 
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This shop does not contain tools heavy enough to handle the larger 
apparatus of the ammonia process. 

The buildings known as the stores buildings were reconstructed 
from the main foundry building of the Sheffield Cast Iron Pipe & 
Foundry Co., and are now steel framed, covered with asbestos- 
protected siding. The main storeroom provides 30,000 square feet 
storage space inside, equipped with shelves, bins, scales, and 10-ton 
jib crane. In addition to 72,000 square feet used for a pipe and 
blacksmith shop and electrical repair shop, there is also 72,000 square 
leet of bulk storage space. This group of buildings houses the 
apparatus which makes copper scrubbing solution for the ammonia 
process and the apparatus used for the recovery of caustic-soda 
solution. There is also a small modern laundry built to serve the 
needs of officers, enlisted men, and of the hospital, and has a capacity 
estimated sufficient to care for 1,000 people. At the far end of this 
group of buildings there is maintained a garage with repair and 
storuiye facililio.s 

A 22 by 36 foot one-story, steel-frame building with concrete 
foundation and metal siding was built near the concentration build- 
ing for Ube as an oil storage house. 

The main office was housed in a reconstructed wooden residence 
building. This office was only a temporary one, as was also the 
research laboratory, which was housed in an abandoned stove 
foundry building of wooden construction, and the hospital was 
also housed in a temporary wooden structure. 

Direct current at 250 volts from the power house to the ammonia 
plant, machine shop, gas plant, aiid storehouse is carried in lead 
cables placed in vitrified tile ducts which are surrounded by con- 
crete. Alternating current at 2,300 volts power is carried from the 
power house to the oxidati<m, concentration, and neutralization 
plants on overhead steel-pipe supports. Wooden supports carry 
the power to the pump house and to the village. ^-^ 

A complete telephone system of the common battery type serves 
the plant and village. All equipment except instruments are 
government-owned. The instruments are owned by the Southern 
Bell Telephone Co., with which the plant system connects. 

A viUage was constructed about 1 mile southwest of the manu- 
facturing area and consisted of 85 new stucco dwellings, 16 new 
frame dwellings, 9 remodeled frame dwellings, 2 frame dwellings 
not remodeled, 15 remodeled construction barracks, 10 construction 
barracks not remodeled, school building, 1 officers' barracks, in addi- 
tion to a number of accessory buildings, such as heating plant, inciner- 
ator, etc. The village has all modern conveniences. 

The plant and village are interconnected with the Sheffield city 
supplies of water and electricity. The plant is served by the South- 
ern Railway system and there are about 4^ miles of sidetracks 
throughout the reservation. The village, which is about IJ miles 
from the town, is served by an interurban street railway system. 
Around the plant area there are about 19,000 feet of 20-foot roads 
with 6-inch slag base and 2-inch limestone surface. In the village 
there are about 5 miles of the same kind of road. 
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UNITED STATES NITRATE PLANT NO. 2, MUSCLE SHOALS, ALA. 

The United States Nitrate Plant No. 2 is located at Muscle Shoals, 
Colbert County, Ala., near the towns of Sheffield^ Florence, and 
Tuscumbia. The Government reservation of 2,306.6 acres is con- 
tained in sections 13, 23, 24, 25, 26, and 27 of township 3 south, 
range 11 west, taken from the Himtsville meridian. 

Beginning at the inter^section of the low-water mark of the 
Tennessee River and the east section line of sections 13, 24, and 25, 
the property line runs south along this section line for a distance of 
11,725 feet, thence west 11,500 feet, thence northeast and north alon^ 
the eastern right of way of the Southern Railroad a distance ot 
8,530 feet to the low-water mark of the Tennessee River, and thence 
northeast along the river for 10.560 feet. 

The center line or main axis of the manufacturing plant, which 
occupies a rectangular area 5,310 feet by 2,860 feet, runs north and 
.south 3,400 feet west of the east property line. 

The sequence of manufacture is, with one exception, from north 
to south this exception being the liquid air plant, which is located 
to the east of the plant using the nitrogen produced. 

Limestone and coke, brought in over tl.ie west main line of the 
plant railroad S3^stem, are unloaded from a trestle at the north end 
of the manufacturing area, and from there either placed in raw- 
material storage or started into the process, as the conditions re- 
quire. Coal for use at the river power house is also brought in over 
this line and unloaded from a trestle just north and west of the 
limestone and coke trestle, while coal for the limekilns is unloaded 
directly into the hopper at the coal mill building. 

All 'materials from the unloading of the raw materials from the 
cars to the discharge of the finished ammonium nitrate from the 
j»:rainers are mechanically handled by belt and screw conveyors, 
bucket elevators, electric traveling cranes, and pumps. There is in- 
stalled in the manufacturing plant a total of 3,326 feet of 20-inch to 
30-inch belt conveyor, 3,767 feet of 6-inch to 16-inch screw conveyor, 
and 1,846 feet of bucket elevators. 

The description of the manufacturing plant will be taken up in 
groups according to the various processes involved. 

Raw materials qroup. — The o])erations of this group consist of 
the preparation of the raw materials for use in the carbide group. 

Limestone is burned in seven rotary kilns, 8 by 125 feet, which de- 
posit the burned lime into seven rotary coolers, 5 by 50 feet,which serve 
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the conveying equipment carrying the material to the raw material 
bins. This installation has a total rated capacity of 700 tons of cal- 
cined lime per 24 hours and is one of the three largest lime-burning 
plants in the world. 

Fuel for the lime kilns is prepared in the coal mill building, which 
has a rated capacity of 336 tons of pulverized coal per 24 hours. 
The equipment consists principally of two F'uller 42 inches by 42 feet 
indirect-fired rotary dryers and four Fuller-Ijehicrh mills. 

Coke is prepared in the coke dryer building by being fed through 
two crushing units, each of three sets of double crusher rolls to four 
5 feet 6 inches by 40 feet rotary dryers, and from these dryers to the 
raw^ materials bins. 

The raw material building consists of four 160-ton monolithic 
concrete .silos for coke and four similar silos of 250 tons' capacity for 
lime. 

Calcium carbide groui). — The carbide furnace installation of 12 
furnaces of 60 tons of calcium carbide capacity per 24 hours each 
constitutes the largest carbide furnace installation in the world. It 
is intended that but 10 furnaces should be operated at a time, leaving 
2 for spares. Each furnace has three electrodes, 16 by 48 by 80 
inches, which weigh, with the cooling head, 3,000 pounds. 

The electrodes are prepared in tlie east end, for a distance of 100 
feet, of the carbide furnace building, which is fitted up with four 
hand-fired ovens for baking the fire-clay coating to the electrodes, 
two planers, two 30-inch radial drills, and one wet grinder. 

The carbide cooling building is a large shedlike structure in 
which the chill cars of molten carbide are placed. Upon cooling, 
this carbide is dropped to one of three inclined breaking platforms 
w^hich serve the crushers. 

The carbide mill building, in which ai'e pulverized the broken 
carbide pigs, is equipped with three 30 by 42 inch Buchanan jaw 
cruiiheis, three 10 feet diameter by 48 inches Hardinge ball mills. 
and three 7 feet diameter by 24 feet Smidth mills. 

Cyanamide group: — The cyanamide oven building contains 1,53() 
ovens arranged in 16 rows of 96 each, resting on concrete slabs 
supported by concrete piers. A charge is loaded to these furnaces 
by means of" the charging cars, of which there are four, each having 
four cylinders, thus permitting the charging of four ovens by each 
car at one time. 

Tlie maximum rated capacity of this plant is 750 tons of crude 
calcium cyanamide per 24 hours. 

The ingots, which weigh about 2,000 pounds each, are removed 
from the ovens by means of an electric traveling crane and placed 
in the cyanamide cooling building where, after cooling, a tray of 
nine ingots is placed on one of the three concrete pedestals, from 
which one ingot at a time is let fall to the inclined breaking plat- 
form which serves the hopper of the crusher. 

The cyanamide mill equipment is similar to the crushing and 
milling equipment of the previous group and has a rated capacity 
of 1,584 tons of milled cyanamide per 24 hours. 

Liquid air aroup. — The liquid air plant, of a rated capacity of 
12,800,000 cubic feet, or 300 tons of nitrogen, per 24 hours, is the 
largest liquid air installation in the world, and had a capacity when 
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built gi'eater than that of all other liquid air plants of the Western 
Hemisphere combined. 

The air intakes are two 36-inch spiral riveted pipes extending, 
one north and one south, for 1,600 feet from a point near the north 
end of the building. The air is washed in eight sets of scrubbers of 
two to a set. 

There ai-e 15 compressors used in the air-liquifying process, 7 
Ingersoll-Band Co. twin dupleX;, 3-8tage, displacement 1,186 c. f. m*, 
discharge pressure 600 pounds, and 8 Norwalk Iron Works twin 
duplex, 3-stage compressors^ of 1,364 c, f. m. displacement, and 600 
pounds discharge pressure. 

Each machine, after compressing the air to 450 pounds, delivers 
it through an after cooler and oil separator to one of the 30 nitrogen 
colunm equipments. 

The nitrogen gas produced is delivered to the cyanamide ovens 
one-quarter of a mile to the west, through a 30-inch spiral riveted 
pipe. 

This plant also contains an installation of five Sullivan vertical 
angle compound compi*essors. twin duplex, 2>stage, 2,016 c. f. m. 
capacity for compressed air (70 to 100 pounds) service throughout 
the plant. 

Armnonia gas group. — The hydrating equipment of a rated ca- 
pacity of 2,160 tons of hydrated cyanamide per 24 hours con- 
sists of three 36-inch by 36-foot hyarators in which the material 
is sprayed with water, agitated and discharged through screw con 
veyors to the autoclave building. The hydrators are 36-inch cut- 
flight conveyors with hoods attached for drawing off the resultinjj 
acetylene gas. 

The silo building consists of nine 475-ton capacity concrete silos for 
storing unhydrated calcium cyanamide. The cyanamide. as conveyed 
from the cyanamide mill can be fed either to the hydr^tor feeding 
bins direct or through these silos. 

Steam for the autoclaves and for heating the plant buildings is 
supplied by the process steam plant of a total boiler capacity on 120 
per cent rating of 3,950 horsepower. 

Coal, dumped from railroad cars into a concrete track hopper, feeds 
througli a 24 by 24 inch single-roll crusher to four 90-ton coal bunkers, 
from which it is fed through four measuring hoppers to four Westing- 
house stokers, each serving a Babcock & Wilcox, Stirling type boiler 
of 823 horsepower. 

The mechanical draft is furnished by four Sturtevant fans, each 
with a capacity of 26,000 c. f. m. The feed water, which is heated 
by a Cochrane feed-water heater, is delivered to the boilers bj^two 345 
g. p. m. feed-water pumps. The ashes from the boilers are dumped 
into the ash-pit hopper, which feeds the skip serving an overhead- 
track hopper. 

The autoclave building, with a rated capacity of 166 J tons of am- 
monia gas per 24 hours, contains 46 autoclaves, arranged in 14 rows of 
4 each. These autoclaves, which are 6 feet diameter by 21 feet high, 
are constructed of welded steel plate of 1-inch thickness for the side 
walls and 1^ inches for the domed tops and bottoms, are fitted with 
an agitator which revolves at llj r. p. m. Each set of four autoclaves 
is operated by one 40-horsepower squirrel-cage induction motor. 
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The ammonia ^as from the autoclaves is washed and dried by pass- 
ing through a mud drum and an installation of columns and con- 
densers. 

Th^re are seven ammonia columns, each 9 feet diameter by 19 feet 
high, connected bv a 14-inch pipe to seven 7 feet 2 inch diameter by 
8 feet 3 inch dephlegmators and seven condensers of the same size. 
The gas is collected from a point 21 inches above the bottom of each 
condenser and carried to two 60,00() cAibic feet gas holders by a 20-inch 
diameter pipe. 

The slurry from the autoclaves is {)iped to two filter buildings simi- 
larly equipped. Each building contains two steel slurry troughs, each 
of which feeds five vacuum filters 6 feet diameter by 3 feet, makin<j; 
one revolution in four and one-half minutes and having a capacity of 
2^ tons of sludge per hour. The sludge from each set of five filters is 
conveyed to a sludge hopper, from which it is pumped by a 650 g. p. m. 
centrifugal pump to the dump. The filtrate is pumped from each set 
of ten filters by three 200 g. p. m. centrifugal pumps to eight open-top 
steel storage tanks 13 feet 6 inches diameter by 12 inches deep, irom 
which it is pumped as needed by four centrifugal pumps into seven 
open-top steel tanks 6 feet diameter by 12 inches, called filtrate-meas- 
uring tanks. 

The caustic equipment, for the preparation and distribution of the 
necessary caustic-soda solution, includes one lime-slaking tank, one 
liquid elevator, three reaction agitators equipped with air lifts and 
steam coils, three thickener tanks, three diaphragm pumps, one sludge 
tank, two 15 g. p. m. centrifugal pumps, one solution tank, and one 
200 g. p. m. centrifugal solution pump. 

Nitric acid group, — The six catalyzer buildings of this group con- 
tain equipment rated to oxidize sufficient ammonia gas to produce 280 
tons of 100 per cent nitric acid per 24 hours. 

Each catalyzer building contains four rows of catalyzer units, of 
which there are 29 catalyzers per row, or a total of 696 catalyzers for 
all six buildings. Each catalyzer unit consists of a rectangular 
alummum tower 14 by 28 inches by 5 feet high, a pan near the bottom 
of the tower for holding the platinum gauze, an 80-mesh platinum 
gauze, 13 by 27 inches, woven of 0.003 inch diameter wire, and a 
cast-iron base on which the tower rests, all supported in a steel frame. 
The mixed gas passes through the top of the tower down over the 
heated platinum gauze and out the bottom through a brick flue to the 
coolers. 

The ammonia gas is supplied from the gas holders through a 20- 
inch main, while air is furnished to all six buildings by two 300,000 
c. f. m. blowers. 

In the cooling and oxidation building there are 24 high-temperature 
coolers, 12 low-temperature coolers, and 12 oxidation towers. Only 
12 high-temperature coolers are used at a time. The high-tempera- 
ture coolers are 90 inches diameter by 12 feet long, horizontal, steel, 
tubular, marine-type boilers covei-ed with an asbestos coating. The 
low- temperature coolers are 25 by 36 feet by 7 feet high, con- 
structed of chemical brick, and have five passages so an^nged that 
gas passes the full length of each cooler five times. Projecting down 
into each of these five passagewiU's are 4 rows of 35 cooling tubes 
each (20 rows in all) ; the first 12 rows of tubes are made of duriron, 
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and the last 8 rows are vitrified tubes. In each of these tubes is a 
galvanized-iron bafile cylinder which is supplied with water. The 
oxidation towers, which are of similar construction to the low- 
temperature coolers, except that they contain no cooling tubes, are 
15 feet by 31 feet 6 inches by 15 feet high. 

The absorption tower building, which is really a part of the cool- 
ing and oxidation building, houses 24 . absorption towers 31 feet 
6 inches by 34 feet 2 inches by 60 feet high. These towers are built 
of acid-proof masonry, with four compartments or chambers, each 
filled with 6-inch and 3-inch vitrified spiral tile, and are operated in 
pairs arranged in series. There is a 72-inch exhauster fan at the 
base of each tower to propel the gases through the tower. The acid 
is pumped over the towers by air lifts in acid wells, of which there 
are 120 in all, each 12 inches diameter by 96 feet deep. These wells 
have a steel casing, while the piping carrying the acid is of aluminum 
and duriron. 

For weighing the acid there are twelve 11 feet diameter by 10 feet 
aluminum tanks, each equipped with a Fairbanks beam scale. There 
are also 12 closed storage tanks of a total capacity of 3,500 tons of 
40 per cent acid solution, each 31 feet diameter by 10 feet high, con- 
structed of reinforced concrete, lined with chemical brick. 

Ammomum nitrate group. — The neutralizer equipment of a rated 
capacity of 600 tons of 50 per cent solution of ammonium nitrate per 
24 hours is composed of four units, each consisting of an aborption 
tower 6 feet 6 inches sJ|uare by 30 feet high, of acid brick, and com- 
prising one chamber filled with vitrified spiral tile ; one cooler or con- 
denser, 7 feet 6 inches by 13 feet by 8 feet high, constructed like the 
low-tempeiature coolers of the nitric-acid equipment; one neutralizer 
tank, 11 by 26 feet by 7 feet high; of chemical brick; one 11 feet 
diameter by 10 feet acid supply tank, of chemical brick, supplying 
two neutralizer units; four settling tanks, each 18 feet diameter by 
6 feet and acid brick lined; thjree Sperry filter presses; one 18 feet 
diameter by 6 feet filtrate tank ; and a system of five acid wells serv- 
ing two neutralizing units. 

From this plant the liquor is pumped to eight 20 feet diameter 
by 18 feet steel storage tanks by five 200 g. p. m. centrifugal pumps, 
and from these tanks to the 12 feet diameter by 12 feet tanks outside 
of each of the ammonium nitrate buildings by two 200 g. p. m. cen- 
trifugal pumps. 

There are five similar ammonium nitrate houses, each equiped with 
ten 6 feet 6 inches by 11 feet enameled evaporating pans, and twenty 

5 feet diameter by 18 inches crystalizing pans and grainers. Above 
each evaporating pan is a sheet steel hood for drawing off steam. 

Shops group, — The machine shop includes, besides the machine 
equipment, a tool room, an oifice, and an engine repair shop with 
3 floor* pits, and is equipped with 2 bolt-threading machines, 4 bend- 
ing machines, 3 cutters, 12 drill presses of various sizes, 8 grinders, 

6 power hack saws, 8 lathes, 2 milling machines, 2 punch and sliear 
machines, 3 pipe cutting and thi-eading machines, a 200-ton hy- 
draulic press, a planer, a riveting machine, 2 shapers, 3 shearing 
machines, a tool grinder, and miscellaneous smaller equipment. 

Tlie foundry building is equipped with a 44-inch cupola, with the 
necessary riddle, j^and blast, sand mixer, grinders, core ovens, etc. 
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The blacksmith shop contains nine forges, pressure blower, exhaust 
fan, grinders, shears, and one 60-pound and one 1,100-pound hammer. 

The woodworking shop is completely equipped with lathes, planers, 
surf acers, power saws, mortise and tenoning machines, sanders, boring 
machines, and smaller equipment. 

Pov^er group. — The power required, approximately 90,000 kilo- 
watts, is furnished, 60,000 kilowatts by the river power house on the 
reserA'ation and 30,0(K) kilowatts by the Government addition to the 
Warrior River station of the Alabama Power Co., 89 miles distant. 

The main equipment of the large generating station, which is of 
concrete substructure, structural steel frame with brick walls, and 
tile roof, consists of 12 B. & W. Stirling type boilers each of 1,507 
nominal boiler horsepower, equipped with Westinghouse underfeed 
stokers, each of 284 square feet grate surface, and Green fuel econo- 
mizer forced-draft fans of a capacity of 50,000 cubic feet per min- 
ute. There are three chimneys, two 275 feet high by 14 feet inside 
diameter at top, each serving three boilers ; and one 275 feet high by 
18 feet inside diameter at top serving six boilers. The four 5-inch 
tentrifugal boiler feed pumps, two 15,000-horsepower Cochrane feed- 
water heaters, four circulating pumps each 3-stage centrifugal pumps 
of 44,000 g. p. m. capacity, and four Westinghouse surface condens- 
ers, each having a tube surface of 25,000 square feet, complete the 
principal equipment of the steam generating end. 

In the electrical generating section there is the GO,000-kilowatt 
Westinghouse Parsons double-flow type cross-compound turbine in 
three elements — one high pressure at 1,800 r. p. m. exhausting into 
two low-pressure elements at 1,200 r. p. m., each direct connected to 
a 23,000 kv.-a., 12,200 volts, 3-phase, 60-cycle Westinghouse ^nera- 
tor. Then there are two " house " turbines, each direct connected to a 
2,500 kv.-a., 2,300-volt, 3-phase generator; two turbo exciters, and four 
motor exciters. 

The power generated is carried to the plant through copper bus 
bars in a tunnel of concrete and tile construction. 

The 30,000-kilowatt extension at Gorgas, Ala., on the Black War- 
rior Kiver, consists primarily of one 30,000-kilowatt General Elec- 
tric Co. (33,333 kv.-a.) 13,200-volt, 3-phase, 60-cycle turbo generator, 
with 140-kilowatt, 250-volt, direct-connected, direct-current exciter; 
twelve 1,200-horsepower B. & W. Stirling type boilers, with super- 
heaters of 225 pounds pressure and 200^ F\, equipped with eleven 
12-retort Westinghouse underfeed stokers and one 12-retort Taylor 
stoker, and one 56,000 square foot Worthington surface condenser. 

The station is of structural steel and brick construction, and is 
served by one 225 feet by 18 feet, inside diameter, radial brick stack. 

The power generated is delivered to the plant over a transmis- 
sion line consisting of three 250,000 c. m. (B. & S. gauge) copper 
conductors supported by suspension-type insulators from H-frame 
structures consisting of two creosoted wooden poles and wooden 
cross arms. 

Quarry group, — For the supply of process limestone, a limestone 
quarnr was opened and a crusher plant erected near Russellville, Ala., 
30 miles south of the plant, and known as Waco quarry. 

The main equipment of the crushing plant consists of a set of Edi- 
son rolls, 60 by 48 inches, and one Traylor 26-inch gyratory crusher 
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as the primary crushing plant, and a secondary one of two Gates 
No. 6 gyratory crushers. Storage bins of but two days' capacity 
were provided because of the large available storage at the nitrate 

plant. 

Miscellaneous, — ^There is installed in the manufacturing area 
some 2G miles of process piping of sizes one-fourth inch to 30 inches, 
27 miles of 4-inch fiber conduit, 3 miles of concrete conduit, and 20 
miles of cable. For driving the various pieces of equipment there 
are installed 608 electric motors of a total connected capacity of 21,003 
horsepower. 

The buildings of this area are all of concrete substructure, with 
structural steel frame superstructure, walled in with either corru- 
gated iron or interlocking tile, and having concrete slab and slag 
roofs. These structures cover some 29 acres of ground space. 

The carbide furnace and electrode repair building, 90 by 1,050 
feet in plan by 64 feet to top of monitor, if placed over the Union 
Station, Washington, D. C, would entirely hide it; the cyanamide 
oven building is 250 by 520 feet in plan by 62 feet 6 inches to 
top of monitor; the liquid air building 100 by 575 feet in plan by 
52 feet 6 inches high; and the cooling and absorption building 200 
by 600 feet in plan by 90 feet 6 inches high, has a ground area 10 
per cent in excess of the ground area of the United States Capitol 
building. 

For the housing of the permanent plant operating force an indus- 
trial village was erected throughout the western half of the reserva- 
tion. This village, although not completed according to original 
plans because of the signing of the armistice, consists of 186 houses of 
two to seven rooms, one and two story, frame construction; stucco, 
shingle, or clapboard exteriors; concrete or hollow-tile foundation; 
and an administration quarters of 100 rooms, one-story frame con- 
struction, shingle exterior, slate roof, and concrete foundation. In 
addition there is a negro village of 263 houses of 3 rooips and 10 
apartment houses, all of one-story frame construction covered with 
tar paper. 

Auxiliary to the plant and village there is installed a domestic 
water and fire system 16 miles in length, together with a raw water 
reservoir of 6(),()00,()()0-gallon capacity, a settling basin of 3()0,0()()- 
gallon capacity, a filter plant of 1,500,(KK) gallons per 24 hours 
capacity, a clear-water basin of 500,000-gallon capacity, a reservoir- 
pumping station of 44,420 g. p. m., and a process-water system 
throughout the chemical plant 3 miles in length ; a 20-mile sanitarv 
sewer system: and a sewage-disposal plant consisting of a 300,000- 
gallon capacity Tmhoff tank, sludge bed, and chlorinator plant. 

J'here have been constructed throughout the reservation 22.18 
miles of roads of slag with a cfiert binder, oiled with Tarvia B, and 
covered with a light coat of limestone screenings. Of the 49.8 miles 
of railroad track laid, 37.1 miles noAv remain as the permanent plant 
railroad system trackage. 

Ice for village purposes is produced in an ice and refrigerating 
plant of 50-tons per day ca})acity. This building is a one-story 
brick structure Avith slate roof and concrete foundations. 
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ESTIMATE OP PRODUCTION COSTS, UNITED STATES NITRATE 

PLANT NO. 2. 

These estimates were prepared in the summer of 1919 to show 
the estimated cost of manufacturing commercially cyanamide, sul- 

?hate of amjnonia, and nitrate of ammonia in United States Nitrate 
lant No. 2 under the scheme of operation then proposed. These 
estimates applied to the operation of 8 of the 10 regularly operating 
carbide furnaces and corresponding equipment for the production 
of lime nitrogen or crude cyanamide. One-fourth of the lime nitro- 
gen produced was to have been oiled and hydrated to produce 49,000 
tons of commercial cyanamide per year, one-fourth used to make 
22,000 tons of nitrate of ammonia per year, and one-half to make 
86,000 tons of sulphate of ammonia per year. Operation of the 
plant at full instead of 80 per cent capacity would undoubtedly 
result in some saving over the costs shown here. 

Five main items — production cost, bagging, sales, research and 
main office, and royalties and fees — enter into the final cost of these 
products f . o. b. cars Muscle Shoals, Ala. 

In the production cost estimates the quantity of raw materials and 
power used in the manufacture of the several products was based on 
the actual results of the two weeks' operating test of the plant at 
one-fifth capacity in January, 1919. The quantity of materials 
used in the several manufacturing processes were carefully measured 
and weighed daily and the consumption for the entire period of 
the test thus determined. The quantity of products manufactured 
were also carefully determined. 

The unit prices of materials and rates of labor are those which 
existed at the time the estimate was made, the summer of 1919, and 
it is believed are not very different from those that will prevail in the 
future as conditions become more stabilized. 

The cost estimated for steam power is the estimated generating 
expense under the conditions assumed in the estimate. The cost 
for water power is a figure applicable only to the particular circum- 
stances applying to the proposed scheme of operation and is con- 
siderably lower than the usual commercial cost. 

The items for repairs and maintenance were estimated on the 
basis of total yearly expense, and this amount, $488,134 for labor 
and $259,527 for material, or $747,661 total, was prorated over the 
several products. This allowance, based upon experience in similar 
plants, is believed to be liberal. 

A detailed labor-organization sheet was prepared, giving the num- 
ber of men necessary, together with their rates of pay, for the opera- 
tion, maintenance, and supervision of every part of the plant, and is 
included in this estimate. Ten per cent for contingencies was added 
to all labor items. 

In estimating bagging expense it was assumed that all the com- 
mercial cyanamide and all tne nitrate of ammonia must be bagged, 
but that two-thirds of the sulphate of ammonia would be shipped in 
bulk. 
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Sales expense was estimated at 3^ per cent of the cost of the ma- 
terial f . o. b. Muscle Shoals. 

Research and main office expense was estimated at $235,000 per 
year and prorated according to cost of products. 

Expense for royalties and fees was ngured in accordance with the 

provisions of existing contracts with ftie American Cyanamid Co. 

and its subsidiary, the Air Nitrates Corporation, and with the Air 

. Reduction Co., due consideration being given to arbitration clauses. 

These estimates do not include any allowance for interest on capi- 
tal cost, depreciation and obsolescence, or taxes and insurance. They 
were also based upon the assumption that all community arrange- 
ments would be self-supporting in so far as current operating ex- 
penses were concerned. 

Estimated cost of final products. 



steam power costs: 

Production cost, using steam power . 

Bagging and loading 

Sales 

Research and main office 



Cost without royalties, using steam power. 

if, 



Allowance for royalties at 10 i>er cent, assuming reduction by 
arbitration 



Cost f. 0. b. cars Muscle Shoals, using steam power. 

Water power costs (after completion of Wilson Dam): 
PrMtuction cost, using water power 



Bagging. 
Sales.... 



Research and main ol&ce . 



Cost without royalties, using water poiR-er 

Allowance for royalties at 10 per cent, assuming reduction by 
arbitration 



Cost f. 0. b. cars Muscle Shoals, using water power. 



Commercial 
cyanamide 



129.02 

1.75 

1.15 

.95 



32.87 
3.29 



36.16 



Nitrate of 
ammonia. 



tsaig 

2.00 
3.08 
2.55 



88.11 
8.81 



96.92 



Sulphate of 
ammonia. 



S49. 45 
» .50 
1.87 
1.54 



53.36 
5.34 



58.70 



20.72 

1.76 

1.15 

.95 



24.57 
2.46 



27.03 



60.78 
2.00 
3.06 
2.56 



68.41 
6.84 



75.25 



39.79 

.50 

1.87 

1.54 



43.70 
4.37 



48.07 



1 Average for entire output; estimated less than 35 per cent of product will be bagged. 

Detailed estimates of production costs, 

ESTIMATED PRODUCTION OOST OF CRUDE CALCIUM CYANAMIDE. 



Item. 



Limestone 

Coke 

Coal 

Electrodes 

Steam power 

Water iwwer 

( harooal and diluent — 

Caustic soda 

Miscellaneous materials). 

Repair parts 

Labor (operation) 

Labor (maintenance) — 

Superintendence 

Fire department 



Total. 



Quantity per ton of 
cyanamide. 



1.75 tons 

0.54 tons 

0.21 tons 

37.8 pounds 

2.808 kilowatt-hours. . , 
do 



Unit 
cost. 



$1.25 

6.00 

4.00 
.05 
.004 
.00075 



Cost per ton of crude 
calcium cyanamide. 



Using 
steam 
power. 



13.19 

3.24 

.H4 

1.89 

11.23 



.60 

.13 
.86 
1.08 
5.09 
2.11 
1.58 
.27 

31.10 



Using 
water 
power. 



12.19 

a 24 

.HI 

1..V9 



2.10 

.30 

.13 

.86 

l.OS 

5.09 

2.U 

1.5H 

.27 

21.97 
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ESTIMATED PRODUCTION COST OF COMMERCIAL CYANAMID. 

One ton of crude cyanamide, when oiled and hydrated, produces approximately 1.10 tons commercial 
cyanamid, a t an estimated cost oi 10.75 per ton for oil and mling. 

131.10+1.10 $28.27 

Oil and oiling 75 



Production cost of commercial cyanamid using steam power 29. 02 

|21.»7^-1.10 19.97 

Oil and oiHng 



.75 



Production cost of commercial cyanamid using water power 20. 72 

ESTIMATED PRODUCTION COST OF AMMONIA GAS. 



Item- 



Crude cyanaroidc 

Do 

Steam power 

Water power 

Soda ash 

Steam 

Compressed air 

Miscellaneous supplies and repair parts. 

Labor ^operation) 

Labor (naaintenrfbce) 

Addif ional superintendence 



Total. 



Quantity per ton of 
ammonia gas. 



4.025 tons 

do 

130 kilowatt-hours . 

do 

0.134 tons . 

8 M pounds 

2.7 M cubic feet... 



Unit cost. 



$31.10 

21.97 
.004 
.00075 

25.00 
.28.3 
.013 



Cost per ton am- 
monia gas. 



Using 
steam 
power. 



$125. 18 
.52 



3.35 
2.28 
.04 
.75 
4.06 
.70 
.42 



Using 
water 
power. 



$88.43 



,10 

3.35 

2.28 

.04 

.75 

4.06 

.70 

.42 



137.30 



100.13 



Note. — Crude cyanaraldo when produced by steam power costs $31.10 per ton, by water power $21.97. 
ESTIMATED PRODUCTION COST OF SULPHATE OF AMMONIA. 



Item. 



Quantity per ton of 
sulphate. 



Ammonia gas 0.257 tons 

Do ; do 

Steam power i 35 kilowatt-hours. 

Water power ! do 

Sulphuric acid, 60" I 0.96 ton 

Coal, steam, air > 

Miscellaneous supplies and re4)air parts ' 

I^bor (operation) 

Labor (maintenance ) : 

Additional superintendence ' 



Unit cost. 



Cost per ton sul- 
phate. 



Using 
steam 
power. 



$137.30 I 
100.13 I. 
.OOt I 
.00075 '. 
10.00 1 



Total. 



$35.28 

■'"."ii' 

'"9.66 
.11 

.70 

2.77 

.57 

.28 



Using 

water 

power. 



$25. 73 



.03 
9.60 
.11 
.70 
2.77 
.57 
.28 



49.45 



39.79 



Note. — Ammonia gas produced by steam power costs $137.30 per ton; by water power, $100.13. 

ESTIMATED PRODUCTION COST OF NITRIC ACID (COMPUTED ON BASIS OF 100 PER 

CENT ACID.) 



Item. 



Cost per ton nitric 
acid. 



Quantity per ton of 
nitric acid. 



Unit cost. 



Ammonia gas , , 

Do 

Steam power I 3 ^J k ilowati-hoiir 

Water power ' do 

Compressed air 42.37 M cubic foci 

Miscellaneous supplies and repair parts 

Labor (operation) 

Labor (maintenance) 

Additional superintendence 



0.317 tons , $137. 30 

....do 100.13 

s OOt 

.00075 
.013 



Total . 



Using 
steam 
power. 

$t3.52 
""V.'^7' 

.55 
1.95 
2.02 
1.2:3 

.2* 



50.88 



Using 

water 

power. 



$31.74 



.25 

.55 

1.95 

2.02 

1.23 

.24 



37.98 



Note.— Ammonia gas produced by steam power co.sts $137.30 per ton; by water power $lfX).13. 
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ESTIMATED PRODUCTION COST OF NITRATE OF AMMONIA 





Quantity per ton of 
nitrit«. 


Unit cost. 


Cost per ton 
nitfsU. 


Item. 


Using 
steam 
power. 


Using 
water 
power. 


Nitric acid 


0.858 ton 


150.88 
37.96 

137.30 

100.13 
.004 
.00075 
.013 
.285 


143.66 




Do 


do 


132.59 


AmnKmiA gas 


0.230 ton 


31.58 




Do 


do 


28.08 


Steam power 


25 kilowatt-hours 

do 


.10 




Water poww 


.02 


CcAnpressed air 


14.33 M cubic feet 

1.86 M pounds 


.19 
.53 
.00 
2.61 
.80 
.41 


.19 


^tAftm . , 


.53 


Miscellaneous supplies and repair parts 




.60 


Labor (operation) 






2.61 


Labor (maintenance) 






.80 


Additional superintendence 






.41 










Total 




80.48 


60.78 











Note.— Nitric acid when made from ammonia produced by steam power cost $50.88 per ton; by water 
power, $37.98. Ammonia gas produced by steam power cost $137.30: by water power, $100,13. 

Royalties and fees, • 



Commercial cyanamide 

Nitrate of ammonia 

Sulphate of ammonia. . 



Royalty to 



Air Reduc- 
tion Co. 



1 $0,522 
U.16 
1.594 



American 

Cyanaimid 

Co. 



«$5.753 

MO. 395 

« 6. 176 



Total per 
ton. 



$6,275 

11.555 

6.770 



1 Royalty to Air Reduction Co. until January, 1931, is $2.72 per ton of nitrogen fixed as lime nitrogen 
after that date there will be no royalty charge. 

3 Royalty to American Cyanamid Co. is 1^ per ton of nitrogen content in any and all products manu- 
factured, the figure $30, however, being subject to arbitration. 



Details of labor — Svmmary of pay roll. 



Operating force 

Maintenance force — 

Superintendence 

Total 

10 per cent added for contingencies 

Grand total : 



Number 
of men. 



840 
244 
184 



1,268 
127 



1,395 



Yearly 
pay roll. 



$1,249,103 
438,070 
282,700 



1,960,873 
196. 9 <7 



2,166,860 



Note. — In addition to the force shown above, 141 men will be employed in general utilities — ^steam 
electric power, process steam and compressed air. The pay roll for these men amounts to $228,267 per 
year, and this appears in the detailed estimates of production costs as a part of the cost of steam power, 
process steam, and compressed air. This brings the force up to 1,536. This total does not include meu 
engaged in bagging and loading, or those engaged in self-supporting community activities. 
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Operating foree-^Summary of pn^ rolls ^y departments. 



Cyanaxn'de: 

Coke mill 

CoalmUl 

Limekiln 

Raw materials and yard 

Raw inaterials builaing 

Carbide furnace 

Electrode shop 

Carbide mill 

Liquid air 

Cyananiide oven room 

Cyanamide mill and cooling shod 

Total 

Ammonia gas: 

Hydrating building 

Autoclaves 

Filter building 

Total , 

Sulphate of ammonia: 

Total force 

Nitric acid: 

Total force 

Nitrate of ammonia: 

Neutralizer section 

Nitrate section 

Total 

G rand total 



Number 


Daily pay 


of men. 


roll. 


109 


146.43 


IW 


ao.43 


23i 


101.63 


39 


156,10 


6 


16.80 


233 


911.60 


19 


85.47 


46 


1^.49 


62 


283.47 


64 


250.00 


43 


168.10 


560 


12,255.52 



6.8 
64.2 
15 



86 



140 



20 



124 
21i 



34 



840 



30.72 

247.65 

56.40 



» 334. 77 



1593.17 



195.68 



54.74 
88.34 



1143.08 



3,422.22 



iln carrying this amount forward to detailed estimates of production cost, 10 per cent has been added 
to cover contin^ncies, etc. 

Detailed pay roll. • 

CRUDE CYANAMIDE. 



Rating. 



Coke mill: 

Superintendent, 1300 per month.. . . 

Clerk) $135 per month 

Shift foreman^ SI 80 pa* month 

Dryer operators, /|0»dg per boar 

Crudier operators, I0.5i25 per hour . . 
Conveyor operators. 10.525 per hour. 
Laborers, 10.35 per hour 



Total 



Ck)aImiU: 

Superintendent, 1300 per month 

Clerk,!! 5permonth , 

Shift fdreman, $180 per month 

Dryer operators, $0.55 per hour , 

Pulverizer operators, $0.60 per hour. 

Conveyor operators. $0,525 per boiu* . 

» Laborers^ $0.35 per hour 



Total 



Lime kt|n: 

Superintendent, $300 per month 

Clerk, $135 pel month 

T SfiEfT foreman, $180 per month 

Kiln opeiatfffs, $0. 65 per hour , 

Convey w operators. $0,525 per hour . 
Laborers, $0.35 per hour 



Tgtal. 



No 


Daily 




pay roll. 


1 


$3.33 


L50 


1 


6.00 


3 


13.20 


2 


8.40 


2 


8.40 


2 


5.60 


lOi 


46.43 


1 


3.33 


i 


LSO 


1 


6.00 


3 


13.20 


3 


14.40 


3 


12.60 


3 


8.40 


m 


59.43 


\ 


3.33 


1.50 


1 


6.00 


9 


46.00 


6 


25.20 


7 


19.60 


25§ 


101.65 
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Detailed pay roll — Continued. 
CRUOB CYANAMIDE— Continued. 



Rating. 



Raw materials and vard: 

Yard foreman, $195 per month 

Locomoiivaengineers. |0 per day 

Ixwomoiive firemen, $4.40 per day 

Brakemen, $4.40 per day 

Conductors, $6 per day 

Cran e engineers. $6 per day 

Crane firemen, $4.40 per day 

Laborers, $0.35 p& hour 

Total 

Raw-material building: 

Laborers, 10.35 per hour 

Total 

Carbide fbrnace room: 

Superintendent, $300 per month 

Shift foremen, $200 per month 

Clerk, $150 per month 

Furnace men (first class), S0.ft25 per hour 

Furnace men (second class). 10.45 per hour 

Tappers (first class), 10.625 per hour 

Tappers (second class), $0.45 per hour 

LocomotiYe driyers, 10.525 per hour 

Locomotive he4¥iers,il0.525 per hour 

Cranemen , 10.525 per hour 

Belt men, $0.55 per hour 

Belt-men helpeis, 10.45 per hour 

Weighers. 10.525 per hour 

Weighers* helpers, 10.45 per hour 

Laborers, 10.35 per hour 

Total 

Electrode shop: 

Fweman. 1200 per month 

Drillers, $0.55 per hour 

Planers, 10.55 per hour 

Pipe fitters, 10.875 per hour 

Assemblers, $0.55 per hour 

Assembler nelpa:s, 10.45 per hour 

Cranemen, 10.525 per hour 

Laborers, $0.35 per hour 

Total 

Carbide mUl: 

Superintendent, 1300 per month 

Shift foremen, $190 per mouth 

Clerks, $150 per month 

Crusher operator, 10.525 per hour 

Uardinge mill operators, 10.525 per hour 

Smidth mill operators, 10.525 per hour 

Smidth mill helpers, |0.42o per hour 

Conveyor operators, S0.525 per hour 

Locomotive drivers, 10.40 per hour 

Crane operators, 10.525 per hour 

Chill car operators, t0.40 per hour 

Laborers, $0.40 per hour 

Total 

Liquid air: 

Superintendent, 1350 per month 

Clerk, $135 per month 

Shift foremen, $7.50 per day 

Column operators, 10.55 per hour 

Compressor operators, 10.55 per hour 

Soda tower operators, $0,525 per hour 

Switchboard operators, |0.55 per hour 

Laborers, $0.35 per hour , 

Total 



No. 


Daily 


pay roH. 


1 


16.50 


2 


12.00 


2 


8.80 


2 


8.80 


2 


12.00 


5 


30.00 


5 


.22.00 


20 


56.00 


39 
6 


156.10 


16.80 


6 


16.80 


1 


10.00 


3 


20.00 


Ijf 


5.00 


M 


45.00 


1201 


432.00 


2? 


120.00 


24 


86.40 


9 


37.80 


6 


25. 2n 


3 


12:60 


3 


13.20 


« 


21.60 


6 


26.20 


9 


32.40 


9 


25.20 


233 


911.60 


1 


6.67 


2 


8.80 


2 


8.80 


3 


2L0U 


3 


13.20 


4 


14.40 


1 


4.20 


3 


8.40 


19 


85.47 


h 


5.00 


3 


18.99 


h 


2.50 


.^ 


12.60 


3 


12.60 


3 


12.60 


3 


10.20 


3 


12.60 


3 


9.60 


3 


12.60 


6 


19.20 


16 


48.00 


46 


176.49 


1 


11.67 


1 


4»50 


3 


22.50 


36 


158.*) 


9 


39.60 


6 


2&ao 


3 


1.3.20 


3 


8.40 


62 


283.47 

1 ■ ■■; ■ - - 
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Detailed pay roll — Continued. 

CRUI>B GYANAMn>B— Continued. 



Rating. 



Cyanamide oven room: 

Superintendent^ S300 per month 

Shift foremen, S200 per month 

ClerK, $1^ per month 

Bead paper man, 10.45 per hour 

Paper men, 10.35 per hour , 

Chargers, 10.625 per hour 

Dischargers, 10.55 per hour 

Crane men, 10.525 per hour. 

Conveyor men, 10.45 per hour , 

Oven attendants, fo.lo per hour 

Pencil men, 90.50 per hour , 

Laborers, fO.35 per hour 

Total 

Cyanamide mill and cooling shed: 

Superintendent. S300 per month , 

Shift foremen, $190 per month 

Clerk, 1150 per month , 

Crane men, S0.625 per hour , 

Crane mwi helpers, S0.40 per hour 

Cruder operators, 10.525 per hour 

Haroinga mill operators, 10.525 per hour 
Smidth mill operators, 10.525 per hour... 

Conveyw men, 10.525 per hour 

Crane m»n, fO.45 per hour 

Laborers, fO.35 per hour 

Total...-. 

Grand total , 



Na 



1 
3 
1 
1 
4 
6 
3 
9 
3 
21 
6 
6 



64 



3 

e^ 

6 
3 
3 
3 
3 
6 
9 



43 



560 



DaUy 
pay roll. 



S10.00 

20.00 

5.00 

3.60 

11.60 

saoo 

13.20 
37.80 

laso 

67.20 
24.00 
16.80 



250.00 



5.00 
19.00 

2.50 
2&20 
19.20 
12.60 
12.60 
12.160 
12.60 
21.60 
25.20 



168.10 



2,255.52 



Note.— The above totals are carried over to summary without adding 10 per cent for contingencies, etc. 

AMMONIA GAS. 



Hydratin^ building: 

Supenntendent, $300 per month 

Shift foreman, $200 per month 

Clerk, $125 per month 

Chief oi>erators, $0,625 per hour. 

Operators, $0.55 per hour 

Conveyor man, $0,525 per hour 

Total 

Autoclaves: 

Superintendent, $300 per month 

Shift foremen, $200 per month 

Clerk, $125 per month 

Chief operators, $0,625 per hour 

Top operators, $0.55 per hour 

Top operator helpers, $0.50 per hour: . . . 

Bottom operator, $0.45 per hour 

Bottom operator helpers, $0.40 per hour 

Weigher, $0.45 per hour 

Conveyor men, $0,525 per hour 

Laborers, $0.35 per hour 

Total 



ai 


$1.00 


.3 


2.00 


.1 


.42 


.3 


l.SO 


3 


13.20 


3 


12.60 


6.8 


30.72 


.9 


9.00 


2.7 


18.00 


.9 


8.75 


2.7 


13.50 


12 


52.80 


12 


48.00 


6 


21.60 


6 


19.20 


12 


32.40 


3 


12.60 


6 


16.80 


64.2 


247.65 
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Detnil^d pay roll — (^ontlnii^l. 
AMMONIA GAB— GontiniiMl. 



RiitiiiK. 



Filter building; 

Operators. 10^ per hour 

Operator helpers. 10.45 per hotir. 

Pump men. S0.55 per hour 

Laborers, 10^ per hour 



Total 

(f rand total. 



No. 



3 
6 
3 
3 



15 



Daily 
pay roH. 



113.20 

21.00 

13.20 

8.40 



56.40 



85 



334.77 



Note.— The above totals are carried over to summary without adding 10 per cent for contingencies, etc. 

SULPHATE OP AMMONIA. 



Superintendent. $300 per month.. . 

Foremen. $1H0 per month 

Clerk, il25 per month 

Oentrifuf^ men, S0.5025 per hour. 
Centrifui^al helpers, 10.50 per hour. 

Ateorber men , 10.625 per hour 

Absorber helpers, I0.5d per hour. . . 

Drier men, 10.5625 per hour 

Laborers, 8035 per bour 



Total. 



1 


fU).00 


3 


18.00 


1 


4.17 


42 


180.00 


43 


168.00 


12 


60.00 


12 


48.00 


13 


54.00 


16 


4Z00 



140 



503.17 



Note.— The above totab are carried over to summary without adding 10 per cent tot contingencies, etc 

NITRIC ACID. 



Superintendent, 1300 per month 

Foreman. $200 per month 

Clerk, $125 per month 

Pkitinum repair man, $150 per month. 

Chief operator, $150 per month 

Tower men, $150 per month 

Operators, $0.50 per hour 

Tower men helpers, $0.45 per hour 



Total. 



h 


$5.00 


3 


20.00 


h 


2.08 


1 


5.00 


3 


16.00 


3 


15.00 


3 


12.00 


6 


2L60 



20 



05.68 



Note.— The above totals are carried over to summary without aidini; 10 per cent for contingencies, etc. 

NITRATE OF AMMONIA. 



Neutralizer section: 

Superintendent, $300 per month. 

Clerk, $125 per month 

Shift foremen, $200 per month. . . 

Operators, $0.50 per hour 

Operator helpers, $0.45 per hour, 
laborers, $0.35 per hour 



Total. 



Nitrate .section: 

Superintendent, $300 per month 

Clerk, $12." per month 

Shift foremen, $200 per month 

Evaporator operators $0.5.5 ner hour. 

Oralner operators, $0.or- per hour 

Operator helpers, $0.4.'> per hour 

Laborers. $0.3o per hour 



Total. 



Grand total 




143. as 



Note.— The above totals are carried over to sunm.ary v ilhout adding 10 per cent lor contingenaep, etc. 



REPORT ON FIXATION AND UTILIZATION OF NITROGEN. 841 







• 


Muintcnartpe force. 
















Rate 
of pay. 


No. 


Daily 
pay roll. 


Changed to- 


Rating. 


Crude 
cyanamide. 


Ammonia 
gas. 


Sulphate of 
ammonia. 


Nitiic 
acid. 


Nitrate of 
ammonia. 


■ 


No. 

1 
1 
1 
5 
4 
2 
1 
1 
1 
2 
1 

12 
9 


Daily 
pav 
roll. 


No. 


Daily 


No. 


Daily 


No. 


Daily 


No. 


Daily 


Mechanical snperin- 
tondpnt 


16,000.00 
3,600.00 
3,600.00 
1,500.00 
1,500.00 
1,200.00 
2,000.00 
2,000,00 
2,000.00 
2,000.00 
2,000.00 
p.d.6. 00 
p.d.7. 00 
p.d.7. 00 
p.d.3. f^O 
p.d.7. 00 
p.d.5. 00 
p.d.5. 60 
p.d.3. 60 
p.d.7. 00 
p.d.6. 00 
p.d.7. 00 
p.d.3. 60 
p.d.6. 00 
p.d.4. SO 
p.d.3. 60 
p.d.7. 00 
p.d.7. 00 
p.d.8. 00 
p.d.3. 60 
p.d.4. 80 
p.d.2. 80 


1 
1 
1 
5 
4 
2 
1 
1 
1 
2 
1 

13 

10 

6 

6 

2 

15 

2 

4 

4 

5 

9 

1 

30 

.33 

33 

3 

3 

2 

2 

1 

40 


113. 70 

9.90 

9.90 

20.63 

16.42 

6.67 

5.50 

5.50 

5.50 

11.00 

5.50 

78.00 

70.00 

42.00 

21.60 

14.00 

75.00 

11.20 

14.40 

28.00 

30.00 

63.00 

3.60 

180.00 

1.58.40 

118.80 

21.00 

.21.00 

16.00 

7.20 

4.80 

112.00 


S13. 70 

9.90 

9.90 

20.63 

16.42 

6.67 

5.50 

5.50 

5.50 

U.00 

5.50 

72.00 

63.00 










M A. ster mechanic 


















Chief electrician 


















Draftsmen 


















Clerks 


















Stenographers 

Foreman, machinist . . 


































Foreman, pipefitter... 
Foreman, carpenter. . . 
Foremen, electrician... 

Foreman, labor 

M ach inists 








































































16.00 
7.00 










Pioefitters 














St^mfltters 


2 
2 


$14.00 
7.20 


2 
2 


114.00 
7.20 


2 
2 


$14.00 


Stoam fitters' helpers. . 
Plumbers 










7.20 


2 

11 
2 
4 

4 
4 
7 


14.00 
65.00 
11.20 
14.40 
28.00 
24.00 
49.00 








Camentcrs 






4 


2a 00 










Blacksmiths 














Blacfcmnlths' helpers. 
Tinsmiths 


■ 
































I'ainters 






' 1 
1 


6.00 
7.00 










Masons ■•.. 






1 
1 
3 


7.00 

3.60 

18.00 






Masons' helpers 

Flectnclans 










24 

24 

24 

3 

3 


144.00 

115.20 

86.40 

21.00 

21.00 


1 
3 
3 


6.00 
14.40 
10.80 


■'l 
4 

4 


6.00 
19.20 
14.40 


1 
2 
2 


6.00 


Millwrights 

Millwrinht helpers. . . . 
Welders 


9.60 






7.20 








Riegers. 


















TjrslA biimftrfi 






2 
2 


16.00 
7.20 










Lead burners' helpers. 
Filter reiwverer 






















1 


4.80 










T^ftborers 


32 


89.60 


6 


1400 


3 


8.46' 
















Total 


244 


1,200.23 


185 


918.02 


12 


57.20 


26 


122.80 


12 


58.20 


9 


44.00 









The above does not include the 10 per cent allowance for contingencies, etc., which is added to all labor 
Items which appear in the detailed estimates of production cost. 

Superintendence. 





Salary 

per 

year. 


No. 

1 
3 


Yearly 
pay 
roll. 


Charged to^ 


Rating. 


Crude 
C3ranamide. 


Ammonia 
gas. 


aulphate of 
ammonia. 


Nitric 
acid. 


Nitrate of 
ammonia. 




No. 

1 

2 

1 
1 

1 
3 

1 

1 


Yearly 

far. 


No. 


Yearly 
pay 
roll. 


No. 


Yearly 
pay 
roll. 


No. 


Yearly 


No. 


Yearly 
roll. 


General office and 
sunervisory force: 

works manager.. 

Assistant to works 
manager 

Paymaster 

Purchasing agent. 

Assistant pur- 
chasing agent. . . 

Accountants 


17,500 

2,400 
2,400 
3,600 

2,700 
2,000 

6,000 

3,000 


17,500 

7,200 
2,400 
3,600 

2,700 
8,000 

5,000 

3,000 


17,500 

4,800 
2,400 
3,600 

2,700 
6,000 

6,000 

3,000 














1 


12,400 






















































< 




1 


2,000 










General superin- 
tendent 














Assistant general 
superintendent. 


.... 








• « • • 


....... 


• • • • 


•■■•••• 



100676'*— 22 23 
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Superintendence — Oon tinned. 





Salary 

per 

year. 


No. 

1 
2 

2 
8 
19 
14 
8 
12 
10 

4 

18 
3 

6 


Yearly 
roU. 


Charged to~ 


Ratiiig. 


Crude 
cyanamide. 


Ammonia 
gas. 


Sulphate of 
ammonia. 


Nitric 
acid. 


Nitrate of 

AmmnniA 








No. 

1 
2 
2 
8 
16 
9 
7 
9 
7 

4 

13 
3 

6 


Yearly 
pay 
roll. 


No. 


Yearly 

pay 

roll. 


No. 


Yearly 

pay 

roll. 


No. 


Yearly 

pay 

roll. 


No. 


Yearly 
pay 
roll. 


Geneml office and 
supervisory forces: 
Technical assist- 
ant 


12,600 
1,800 
1,800 
1,800 
1,600 
1,400 
1,200 
1,400 
1,200 

900 

1,200 

800 

400 


12,500 

3,600 

3,600 

14,400 

28,500 

19,600 

9,600 

16,800 

12,000 

3,600 

21,600 

2,400 

2,400 


12,500 

3,600 

3,600 

14,400 

24,000 

12,600 

8,400 

12,600 

8,400 

3,600 

15,600 

2,400 

2,400 












Do 


















Draftsmen 














.... 




Clerks, special 


















Clerks 


2 
2 


13,000 
2,800 




$1,500 
1,400 
1,200 
1,400 
1,200 










Do 




$1,400 


1 


$1,400 


Do 


Stenoeraphers 

Typists 


1 
1 


1,400 
1,200 






1 
1 


1,400 






1,200 


Telephone opera- 
tors 








Timekeepers 

Janitors 


1 


1,200 


2 


2,400 




1,200 


1 


1,200 


Messengers and 
office Doys 
































* * * * 




Total 




120 


180,000 


98 


149,100 


7 


9,600 


9 


13,500 1 2 


2,600 


4 


5,200 






Chemical laboratory 
force: 
Chief chemist 


4,000 
2400 
1,500 
1,200 
1,500 


1 
7 

34 
2 

1 


4,000 

16,800 

51,000 

2,400 

1,500 


1 

6 

25 

2 

1 


4,000 

14,400 

37,500 

2,400 

1,500 


















Chemists 






1 

4 


2,400 
6,000 










Analysts 


2 


3,000 


1 


1,500 


2 


8,000 


Typists 


Clerk 














.... 






















Total 




45 


76,700 


35 


59,800 


2 


3,000 


5 


8,400 


1 


1,500 


2 


3,000 






First aid: 

Doctor 


2,800 
1,400 


1 
3 


2,800 
4,200 


1 
3 


2,800 
4,200 


















Nurses 










.... 




a • • • 








* 














Total 




4 


7,000 


4 


7,000 


■ • • • 
















Transportation force: 
Transportation 
foreman 


2,200 
1,800 
1,000 


1 
1 
6 


2,200 
1,800 
6,000 


1 
1 
6 


2,200 
1,800 
6,000 


















Motor mechanics. 


















Chauffeurs 




































Total 




8 


10,000 


8 


10,000 


• • • • 








• • « • 




• • • • 




Water and sewage 
force: 
Foreman 


2,800 
1,200 


1 
6 


2,800 
7,200 


1 
6 


2,800 
7,200 


















Operators 
































• • • • 




Total 




7 


10,000 


7 


10,000 


• • • • 








« a • • 




.... 




Total 




184 


282,700 
310,970 


152 

• • • a 


235,900 
259,490 


9 

• • « • 


12,600 
13,860 


14 


21,900 
24,090 


8 

• • • • 


4,100 
4,610 


6 

■ • • • 


8»200 
9,«»30 


Total, plus 10 
per cent for 
contingencies, 
etc 










Bnpplies: 

Office 






9,000 
7^500 
1,000 
2,000 
2,000 


• • • • 

• • • • 

• • • • 

• • • ■ 

• • • • 


9,000 
7^500 
1,000 
2,000 
2,000 


















Laboratory 


















• • • • 




First aid 












• 










Transportation... 


















• » • «• 




Water and sewage 




• • * • 


• • • ■ 












• • • • 




Total 




• • • • 


21,500 


• « • • 


21,500 


m » m • 












• • • • 




Grand total 


s^Esasss 


' 


332,470 


BBSX 


280,990 


• • • « 


13,860 




24 OQO 


4,510 


• •• * 


9.000 














• • • ■ 


VyW«V 



NoTB.— In some eases the salary given is the average for the several employees of the same dsslgnation. 
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